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ABSTRACT (57) 
The present invention provides methods for the incorpora 
tion of sulfonate functional groups onto the surface of 
particulate carbonaceous materials and provides several 
surface-modi?ed carbonaceous material compositions 
resulting therefrom. The composition can further comprise a 
conducting polymer. The composition can further comprise 
a metal. Devices comprising the composition can be con 
structed including supported electrocatalysts, membrane 
electrode assemblies, and fuel cells. A method for preparing 
the composition comprises sulfonating particulate carbon 
aceous material. The method can further comprise metalliZ 
ing the sulfonated carbonaceous material. 
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Figure 1B 
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FIGURE 2 
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FIGURE 7 
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PROTON CONDUCTIVE CARBON MATERIAL 
FOR FUEL CELL APPLICATIONS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Application Serial No. 60/382,801 ?led May 23, 2002, 
hereby incorporated by reference and is a continuation-in 
part of US. Ser. No. 10/229,933 ?led Aug. 28, 2002. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates generally to particulate con 
ductive carbons. The invention also relates to supported 
catalysts for fuel cells and proton exchange membranes. 

[0004] 2. Background 

[0005] A fuel cell (FC) is a device that converts energy of 
a chemical reaction into electrical energy (electrochemical 
device) Without combustion. A fuel cell (see e.g., FIG. 1) 
generally comprises an anode 20, cathode 50, electrolyte 10, 
backing layers 30, 60, and How ?elds/current collectors 40, 
70. There are ?ve types of fuel cells, as de?ned by their 
electrolytes: 

Temper 
Type Electrolyte ature Comments 

Phos- Liquid phosphoric 175-2000 C. Stationary power, 
phoric acid soaked in a commercially avail 
acid matrix able 

(PAFC) 
Molten Liquid solution 600-1200O C. Molten carbonate 
carbon- of lithium, so- salts, high 
ate dium and/or po- e?iciency 
(MCFC) tassium car 

bonates, soaked 
in a matrix 

Solid Solid Zirconium 600—1800° C. Ceramic, high poWer, 
oxide oxide to Which a industrial appli 
(SOFC) small amount of cations 

ytrria is added 
Alka- Aqueous solution 90-100O C. Potassium hydroxide 
line of potassium electrolyte, NASA, 
(AFC) hydroxide soaked very expensive 

in a matrix 

**Pro— Solid organic 60-100O C. Ionomer membrane, 
ton polymer high poWer density, 
ex- polyper?uoro- can vary output 
change sulfonic acid quickly, portable/ 
mem- auto applications 
brane 

(PEM) 
Direct 60-100O C. PEM that uses 
Meth- methanol for fuel 
anol 

(DMFC) 

** = Currently of most interest 

[0006] The current description deals With proton exchange 
membrane (a.k.a. polymer electrolyte membrane) (PEM) 
fuel cells (a.k.a. solid polymer electrolyte (SPE) fuel cell, 
polymer electrolyte fuel cell, and solid polymer membrane 
(SPM) fuel cell). Apolymer electrolyte membrane fuel cell 
(PEMFC) comprises a proton conductive polymer mem 
brane electrolyte 10 sandWiched betWeen electrocatalysts (a 
cathode 50 and an anode 20) (see, e.g., FIG. 1). 
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[0007] The oxidation and reduction reactions occurring 
Within the fuel cell are: 

2H2 —> 4H’r + 4e‘ oxidation half reaction 

+ 02 —> 2H2O reduction half reaction 

[0008] This electrochemical process is a non-combustion 
process Which does not generate airborne pollutants. There 
fore, fuel cells are a clean, loW emission, highly ef?cient 
source of energy. Fuel cells can have 2-3 times greater 
ef?ciency than internal combustion engines and can use 
abundant and/or reneWable fuels. Fuel cells produce elec 
tricity, Water, and heat using fuel 90 and oxygen 80. Water 
(liquid and vapor) is the only emission When hydrogen is the 
fuel. 

[0009] Since the voltage of a typical fuel cell is small, they 
are usually stacked in series. 

[0010] The tWo half-reactions normally occur very sloWly 
at the loW operating temperature of the fuel cell, thus 
catalysts 56 are used on one or both the anode 20 and 
cathode 50 to increase the rates of each half reaction. 
Platinum (Pt) has been the most effective noble metal 
catalyst 56 to date because it is able to generate high enough 
rates of O2 reduction at the relatively loW temperatures of the 
PEM fuel cells. Kinetic performance of PEM fuel cells is 
limited primarily by the sloW rate of the O2 reduction half 
reaction (cathode reaction) Which is more than 100 times 
sloWer than the H2 oxidation half reaction (anode reaction). 
The O2 reduction half reaction is also limited by mass 
transfer issues. 

[0011] As fuel 90, such as hydrogen, ?oWs into a fuel cell 
on the anode side, a catalyst 56 facilitates the separation of 
the hydrogen gas fuel into electrons and protons (hydrogen 
ions). The hydrogen ions pass through the membrane 10 
(center of fuel cell) and, again With the help of the catalyst 
56, combine With an oxidant 80, such as oxygen, and 
electrons on the cathode side, producing Water. The elec 
trons, Which cannot pass through the membrane 10, How 
from the anode 20 to the cathode 50 through an external 
circuit containing a motor or other electrical load, Which 
consumes the poWer generated by the cell. 

[0012] A catalyst 56 is used to induce the desired electro 
chemical reactions at the electrodes 20, 50. The catalyst 56 
is often incorporated at the electrode/electrolyte interface by 
coating a slurry of the electrocatalyst particles 56 to the 
electrolyte 10 surface. When hydrogen or methanol fuel feed 
90 through the anode catalyst/electrolyte interface, electro 
chemical reaction occurs, generating protons and electrons. 
The electrically conductive anode 20 is connected to an 
external circuit, Which carries electrons by producing elec 
tric current. The polymer electrolyte 10 is typically a proton 
conductor, and protons generated at the anode catalyst 
migrate through the electrolyte 10 to the cathode 50. At the 
cathode catalyst interface, the protons combine With elec 
trons and oxygen to give Water. 

[0013] The catalyst 56 is typically a particulate metal, 
such as platinum, and is dispersed on a high surface area 
electronically conductive support 52. 

[0014] The electronically conductive support material 52 
in the PEMFC typically consists of carbon particles. Carbon 



US 2004/0109816 A1 

has an electrical conductivity (10_1-10_2 S/cm) Which helps 
facilitate the passage of electrons from the catalyst 56 to the 
external circuit. Proton conductive materials 54, such as 
Na?on®, are often added to facilitate transfer of the protons 
from the catalyst 56 to the membrane interface. 

[0015] To promote the formation and transfer of the pro 
tons and the electrons and to prevent drying out of the 
membrane 10, the fuel cells are operated under humidi?ed 
conditions. To generate these conditions, hydrogen fuel 90 
and oxygen 80 gases are humidi?ed prior to entry into the 
fuel cell. In a supported electrocatalyst (52+56), carbon is 
relatively hydrophobic, and as such, the boundary contact 
betWeen the reactive gases, Water, and the surface of the 
solid electrodes made of carbon contributes to high electrical 
contact resistance and ohmic poWer loss in the fuel cell 
resulting in loWer efficiency of the fuel cell. 

[0016] In order to increase the mobility of protons in the 
electrocatalyst layer, the electrocatalyst is dispersed in pro 
ton conductive substrates. These substrates often reduce the 
efficiency of the electrocatalyst by blocking the active sites 
and also reduce the electronic conductivity. 

[0017] In a Direct Methanol Fuel Cell (DMFC), the liquid 
methanol feed contains HZSO4 to facilitate oxidation of 
methanol and to provide ionic conductivity in the carbon 
catalyst, Which otherWise is limited to only the catalyst in 
direct contact With solid membrane. The HZSO4 penetrates 
the anode structure providing ionic conductivity throughout 
the electrode, thus alloWing most of the catalyst to be 
utiliZed resulting in improved performance. HoWever, use of 
HZSO4 is undesirable due to sulfate species adsorbing onto 
the electrode surface, and also the corrosive nature of the 
acid. 

[0018] The above problems are addressed by the present 
invention, Where the carbon support material in the electro 
catalyst is sulfonated to increase proton conductivity and 
enhance the methanol oxidation. The sulfonic acid func 
tional groups chemically bonded to the carbon support in an 
electrocatalyst aid the facile exchange of protons and 
thereby increase the fuel cell efficiency. 

[0019] In the present invention, the sulfonated carbon 
material shoWs hydrophilic character and thereby enhances 
Water management in fuel cell applications. 

[0020] An ordinary electrolyte is a substance that disso 
ciates into positively charged and negatively charged ions in 
the presence of Water, thereby making the Water solution 
electrically conducting. The electrolyte in a PEM fuel cell is 
a polymer membrane 10. Typically, the membrane material 
(e.g., Na?on®) varies in thickness from 50-175 pm. Poly 
mer electrolyte membranes 10 are someWhat unusual elec 
trolytes in that, in the presence of Water, Which the mem 
brane 10 readily absorbs, the negative ions are readily held 
Within their structure. Only the protons contained Within the 
membrane 10 are mobile and free to carry positive charge 
through the membrane 10. Without this movement Within 
the cell, the circuit remains open and no current would flow. 

[0021] Polymer electrolyte membranes 10 can be rela 
tively strong, stable substances. These membranes 10 can 
also be effective gas separators. Although ionic conductors, 
PEM do not conduct electrons. The organic nature of the 
structure makes it an electronic insulator. Since the electrons 
cannot move through the membrane 10, the electrons pro 
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duced at one side of the cell must travel through an external 
circuit to the other side of the cell to complete the circuit. It 
is during this external route that the electrons provide 
electrical poWer. 

[0022] Apolymer electrolyte membrane 10 can be a solid; 
organic polymer, usually poly(per?uorosulfonic) acid. A 
typical membrane material, Na?on®, consists of three 
regions: 

[0023] (1) the Te?on®-like, ?uorocarbon backbone, 
hundreds of repeating —CF2—CF—CF2— units in 
length, 

[0024] (2) the side chains, —O—CF2—CF—O— 
CF2—CF2—, Which connect the molecular back 
bone to the third region, and 

[0025] (3) the ion clusters consisting of sulfonic acid 
ions, S03‘, H". 

[0026] The negative ions, S03“, are permanently attached 
to the side chain and cannot move. HoWever, When the 
membrane 10 becomes hydrated by absorbing Water, the 
hydrogen ions become mobile. Ion movement occurs by 
protons, bonded to Water molecules, migrating from S0; 
site to S03“ site Within the membrane. Because of this 
mechanism, the solid hydrated electrolyte is a good conduc 
tor of hydrogen ions. 

[0027] The catalyst support 52 serves to conduct electrons 
and protons and to anchor the catalyst 56 (e.g., noble metal). 
Many efforts have been aimed at loWering the costs of fuel 
cells by loWering noble metal (e.g., platinum) catalyst 56 
levels due to noble metal’s cost. One Way to loWer this cost 
is to construct the catalyst support layer 52 With the highest 
possible surface area. 

[0028] The electrodes 20, 50 of a fuel cell typically consist 
of carbon 52 onto Which very small metal particles 56 are 
dispersed. The electrode is someWhat porous so that gases 
can diffuse through each electrode to reach the catalyst 56. 
Both metal 56 and carbon 52 conduct electrons Well, so 
electrons are able to move freely through the electrode. The 
small siZe of the metal particles 56, about 2 nm in diameter 
for noble metal, results in a large total surface area of metal 
56 that is accessible to gas molecules. The total surface area 
is very large even When the total mass of metal 56 is small. 
This high dispersion of the catalyst 56 is one factor to 
generating adequate electron ?oW (current) in a fuel cell. 

[0029] Conducting polymers are a class of conjugated 
double bond polymers Whose electrical conductivities are 
comparable to the conductivities of semiconductors to met 
als, in the range of 0.1 to 100 S/cm. Typical examples of 
conducting polymers include polyaniline, polypyrrole, poly 
thiophene, polyfuran, and polyphenylene. Both polyaniline 
and polypyrrole catalyst support 52 materials have shoWn 
improved fuel cell efficiency (e.g., US. Pat. No. 5,334,292 
and WO 01/15253). HoWever, the long-term stability of 
these materials has not been demonstrated in electrode 
environments in cyclic operations. 

[0030] Conducting polymers alone used as catalyst sup 
port 52 material have higher costs, loWer surface area, and 
loWer stability compared to those supports 52 based on 
carbon or the sulfonated carbon of the present invention. 
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[0031] An example of a current commercial carbon-sup 
ported catalyst for fuel cells is the HiSPECTM series of 
products (Johnson Matthey, Reading, UK.) Which utilize 
Vulcan® XC72 (Cabot Corporation) carbon black loaded 
With various levels of platinum (or other metal). These 
commercial carbon-supported catalysts are very expensive. 

[0032] Factors such as surface area and electronic con 
ductivity have historically been vieWed as important for the 
carbon support material. HoWever, relatively little research 
has been undertaken to understand the role of or to optimiZe 
the carbon support. 

[0033] In the present invention, carbonaceous material is 
sulfonated, thereby increasing the protonic (and electronic) 
conductivity of the carbonaceous material. The sulfonation 
also provides anchoring sites for the metal, resulting in 
increased metal availability for electrode reaction. 

[0034] The majority of the cost associated With electrodes 
is attributed to the high cost of the metal, Which makes up 
the catalyst 56. Only those catalytic sites exposed on the 
surface of the catalytic particles contribute to the catalytic 
activity of the electrode and, thus, electrodes With the 
highest fraction of the metals accessible to the reaction 
should be the most effective. Carbon supports 52 With high 
porosity result in “trapped” metal sites that are not acces 
sible for electrode reaction. The extent of dispersion of the 
metal catalyst 56 on the support material 52 and the stability 
of such high dispersion in use, i.e., resistance of the catalyst 
against sintering and/or agglomeration, is directly related to 
the surface area and the availability of surface sites on Which 
the dispersed metal 56 can be anchored. 

[0035] In the present invention, the sulfonated carbon 
material aids the uniform dispersion and stabiliZation of 
metal particles by anchoring the metal to the sulfonate 
groups present on the carbon material. Also, the anchoring 
groups resist the agglomeration and sintering of metal (e.g., 
platinum (Pt)) crystallite particles. 
[0036] It is desirable to provide a catalyst support 52 that 
has a higher surface area and also a higher surface density 
of anchoring surface sites than catalytic supports consisting 
exclusively of unsulfonated carbon. This Would increase and 
stabiliZe the dispersion of the metal catalyst 56 and, thus, 
limit the amount of catalyst 56 needed. The present inven 
tion provides a PEMFC electrode Which can be made more 
cost-effective than electrodes having exclusively carbon 
support or exclusively conducting polymer support. 

[0037] The surface modi?cation of carbonaceous com 
pounds and materials has been Widely explored as a means 
for achieving desired chemical and physical properties not 
normally exhibited by carbonaceous compounds and mate 
rials. Speci?cally, the introduction of sulfonate substituents, 
Which are hydrophilic in nature, has been perceived as a 
potential means for increasing protonic and electronic con 
ductivity and for facilitating Water management in fuel cells. 

[0038] To this end, several previous attempts have been 
made at sulfonating carbonaceous compounds and materials. 
HoWever, these existing methods produce, at best, undesired 
and marginal results. Speci?cally, the processes of the prior 
art present a considerable problem in that it is extremely 
dif?cult to avoid oxidation of a carbonaceous compound or 
material and the subsequent formation of tarry byproducts 
during the sulfonation reaction. Therefore, the present 
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invention provides an improved process for the formation of 
sulfonated carbonaceous materials that substantially mini 
miZes the oxidation of the carbonaceous materials and 
formation of undesired and problematic tarry byproducts. 

[0039] Additionally, the processes of the prior art only 
succeed in providing sulfonated carbonaceous materials 
having a minimal degree of surface substitution. The present 
invention provides sulfonated carbonaceous materials hav 
ing a surprisingly substantially improved degree of surface 
modi?cation thereby resulting in superior characteristics and 
properties in fuel cell applications. 

[0040] For the above reasons, improvement of the sup 
ported catalyst is desired and has been achieved With the 
sulfonated carbonaceous material of the present invention. 

SUMMARY OF THE INVENTION 

[0041] In accordance With the purpose(s) of this invention, 
as embodied and broadly described herein, this invention 
relates to conductive carbons, speci?cally proton conductive 
carbons. 

[0042] The invention includes a composition comprising a 
sulfonated particulate carbonaceous material. The present 
invention provides a surface-modi?ed carbonaceous mate 
rial comprising a plurality of sulfonate substituents of the 
general formula —SO3M surface bonded thereto, Wherein 
M is hydrogen or a cationic species. The surface-modi?ed 
carbonaceous material can have a surface atomic concen 
tration of sulfur present Within the surface-bonded SO3M 
moieties, measured by XPS, greater than about 0.25% 
relative to the total surface atomic concentration of the 
surface-treated carbonaceous material. 

[0043] The present invention also provides several addi 
tional compositions comprising the surface-modi?ed car 
bonaceous material of the present invention. 

[0044] The present invention includes methods for the 
incorporation of sulfonate functional groups onto the surface 
of carbonaceous materials and provides surface-modi?ed 
carbonaceous materials resulting therefrom. 

[0045] The present invention provides a method for the 
preparation of a surface-modi?ed carbonaceous material. 
The method comprises contacting an anhydride of the 
generic formula (R—CO)2O With sulfuric acid under con 
ditions effective to provide an organic sul?te intermediate of 
the generic formula R—(CO)O—SO3H, Wherein R is an 
aliphatic substituent. The method further comprises contact 
ing a carbonaceous material With the organic sul?te inter 
mediate provided in the ?rst step under conditions effective 
to provide a surface-modi?ed carbonaceous material com 
prising a plurality of surface-bonded sulfonate substituents 
of the general formula —SO3H. 

[0046] The invention provides a method for preparing a 
carbon With enhanced electronic and protonic conductivity 
comprising sulfonating a particulate carbonaceous material. 
Adding sulfonate functional groups onto particulate carbon 
material enhances the properties of the carbon material. 
Particularly, the functional groups are, for example, sulfonic 
acid groups. Sulfonic acid groups can be surface-bonded to 
the carbonaceous material via direct sulfonation. 
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[0047] A device is disclosed comprising a sulfonated 
particulate carbonaceous material. 

[0048] This invention relates to the application of sul 
fonated carbons in fuel cell applications. This invention 
particularly relates to the application of sulfonated carbons 
as support material in fuel cell catalysts. A fuel cell com 
prising an anode, a cathode, and a PEM is further included. 

[0049] Additional advantages of the invention Will be set 
forth in part in the description Which folloWs, and in part Will 
be obvious from the description, or may be learned by 
practice of the invention. The advantages of the invention 
Will be realiZed and attained by means of the elements and 
combinations particularly pointed out in the appended 
claims. It is to be understood that both the foregoing general 
description and the folloWing detailed description are exem 
plary and explanatory only and are not restrictive of the 
invention, as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0050] The accompanying draWings, Which are incorpo 
rated in and constitute a part of this speci?cation, illustrate 
several embodiments of the invention and together With the 
description, serve to explain the principles of the invention. 

[0051] FIG. 1 shoWs a “typical” PEMFC. FIG. 1A shoWs 
a schematic draWing of PEMFC. FIG. 1B shoWs a close up 
of an electrode and membrane of the PEMFC. 

[0052] FIG. 2 is a plot of the X-ray photoelectron spec 
troscopy (XPS) spectrum of the CDX-975 carbon black used 
to prepare the sulfonated products of the Examples. 

[0053] FIG. 3 is a plot of the XPS spectrum of the 
sulfonated carbon black produced in Example 4. 

[0054] FIG. 4 is a plot of the high resolution XPS spec 
trum of the sulfonated carbon black produced in Example 4, 
indicating the percentage of oxygen species that are present 
in the surface-bonded sulfonate substituents. 

[0055] FIG. 5 is a plot of the high resolution XPS spec 
trum of the sulfonated carbon black produced in Example 4, 
indicating the percentage of sulfur species that are present as 
the surface-bonded sulfonate substituents. 

[0056] FIG. 6 is an XPS survey spectrum of platiniZed 
sulfonated carbon black of Example 4. 

[0057] FIG. 7 is a high resolution XPS spectrum shoWing 
sulfonate on platiniZed carbon black of Example 4. 

[0058] FIG. 8 is a graph of MEA polariZation curves 
comparing the commercial Johnson Matthey product and a 
platiniZed sulfonated carbon black of the present invention 
demonstrating the performance of the tWo materials in 
membrane electrode assemblies. The potential Was varied 
across the materials and the current Was measured. Electrode 
Was prepared via the “decal transfer” method developed by 
Los Alamos Laboratory. For each sample, both anode and 
cathode Were prepared to an approx Pt loading of 0.3 
mg/cm2. Analysis conditions Were 

[0059] Cell temperature=80° C. 

[0060] Anode humidi?cation bottle temperature=105° 
C., and 
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[0061] Cathode humidi?cation bottle temperature=90° 
C. 

[0062] Reactant gases: 

[0063] Anode hydrogen=60 ml/min+14 ml/min/A 

[0064] Cathode oxygen=60 ml/min+8 ml/min/A 

[0065] Backpressure of 30 psi Was maintained on the 
cell during analysis. Potentials depicted Were not cor 
rected for iR drop. 

DESCRIPTION OF THE INVENTION 

[0066] Before the present compounds, compositions, 
articles, devices, and/or methods are disclosed and 
described, it is to be understood that this invention is not 
limited to speci?c synthetic methods; speci?c methods may, 
of course, vary. It is also to be understood that the termi 
nology used herein is for the purpose of describing particular 
embodiments only and is not intended to be limiting. 

[0067] In this speci?cation and in the claims Which folloW, 
reference Will be made to a number of terms Which shall be 
de?ned to have the folloWing meanings: 

[0068] It must be noted that, as used in the speci?cation 
and the appended claims, the singular forms “a,”“an,” and 
“the” include plural referents unless the context clearly 
dictates otherWise. Thus, for example, reference to “an 
oxidiZing agent” includes mixtures of oxidiZing agents, 
reference to “a reducing agent” includes mixtures of tWo or 
more such reducing agents, and the like. 

[0069] Ranges may be expressed herein as from “about” 
one particular value, and/or to “about” another particular 
value. When such a range is expressed, another embodiment 
includes from the one particular value and/or to the other 
particular value. Similarly, When values are expressed as 
approximations, by use of the antecedent “about,” it Will be 
understood that the particular value forms another embodi 
ment. It Will be further understood that the endpoints of each 
of the ranges are signi?cant both in relation to the other 
endpoint, and independently of the other endpoint. 

[0070] References in the speci?cation and concluding 
claims to parts by Weight, of a particular element or com 
ponent in a composition or article, denotes the Weight 
relationship betWeen the element or component and any 
other elements or components in the composition or article 
for Which a part by Weight is expressed. Thus, in a com 
pound containing 2 parts by Weight of component X and 5 
parts by Weight component Y, X and Y are present at a 
Weight ratio of 2:5, and are present in such ratio regardless 
of Whether additional components are contained in the 
compound. 

[0071] A Weight percent of a component, unless speci? 
cally stated to the contrary, is based on the total Weight of the 
formulation or composition in Which the component is 
included. 

[0072] “Optional” or “optionally” means that the subse 
quently described event or circumstance may or may not 
occur, and that the description includes instances Where said 
event or circumstance occurs and instances Where it does 
not. 
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[0073] By the term “effective amount” of a composition or 
property as provided herein is meant such amount as is 
capable of performing the function of the composition or 
property for Which an effective amount is expressed. As Will 
be pointed out below, the exact amount required Will vary 
from process to process, depending on recognized variables 
such as the composition employed and the processing con 
ditions observed. Thus, it is not possible to specify an exact 
“effective amount.” HoWever, an appropriate effective 
amount may be determined by one of ordinary skill in the art 
using only routine experimentation. 

[0074] “Fuel cell” (PC) as used herein is an electrochemi 
cal device that converts chemical energy into electrical 
energy Without combustion. Various types of fuel cells 
include solid oxide (SOFC), molten carbonate (MCFC), 
alkaline (AFC), phosphoric acid (PAFC), PEM, and direct 
methanol (DMFC) fuel cells. 

[0075] A “proton exchange membrane” (PEM), is also 
knoWn or referred to as polymer electrolyte membrane, solid 
polymer membrane (SPM), or solid polymer electrolyte 
(SPE) in the fuel cell art. APEMFC is a type of fuel cell that 
utiliZes a polymer electrolyte membrane to carry protons 
betWeen tWo catalytic electrode layers, thus generating elec 
trical current. A PEM typically operates at temperatures up 
to 100° C. 

[0076] “Membrane electrode assembly” (MEA) is a term 
used for an assembly Which normally comprises a polymer 
membrane With af?xed/adjacent electrode layers. In some 
cases the MEA may also include gas diffusion layer/mate 
rials. 

[0077] “Metal” as used herein can be, e.g., a precious 
metal, noble metal, platinum group metals, platinum, alloys 
and oxides of same, and compositions that include transition 
metals and oxides of same. As used herein, it is a “metal” 
that acts as a catalyst for the reactions occurring in the fuel 
cell. The metal may be tolerant of CO contaminants and may 
also be used in direct methanol fuel cells. 

[0078] “Ionomer,” is an ionically conductive polymer 
(e.g., Na?on®). An ionomer is also frequently used in the 
electrode layer to improve ionic conductivity. 

[0079] “Membrane,” can be knoWn as polymer electrolyte 
membrane, solid polymer electrolyte, proton exchange 
membrane, separator, or polymer membrane. The “mem 
brane” is an ionically conductive, dielectric material against 
Which catalytic electrodes are placed or affixed. Typically 
currently in the art, the membrane most frequently used is a 
per?uorosulfonated polymer (e.g., Na?on®), Which can be 
obtained in varying thicknesses, equivalent Weights, etc. 

[0080] “Electrolyte” as used herein is a nonmetallic elec 
tric conductor in Which current is carried by the movement 
of ions or a substance that When dissolved in a suitable 
solvent becomes an ionic conductor. The polymer mem 
brane of a fuel cell is the electrolyte. 

[0081] “Electrocatalyst,” also referred to as a “catalyst,” is 
a metal (as de?ned above) Which is catalytic for fuel cell 
reactions, typically supported on a catalyst support (de?ned 
beloW). 
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[0082] “Supported catalyst” is a metal (as de?ned above) 
dispersed on a support. 

[0083] “Catalyst support” is a material upon Which metal 
(as de?ned above) is dispersed, typically conductive (e.g., 
carbon black, conducting polymer, or modi?ed carbon 
black). 
[0084] “Electrode,” as used herein, is the layer of sup 
ported electrocatalyst in contact With and/or af?xed to a 
membrane. The electrode may include ionomer and other 
materials in addition to the electrocatalyst. 

[0085] “Oxygen reduction reaction,” also knoWn as ORR, 
cathode reaction, or cathodic process, is a reaction in Which 
oxygen gas is reduced in the presence of protons, producing 
Water. 

[0086] “Hydrogen oxidation reaction” is also knoWn as 
HOR, anode reaction, or anodic process. This is a reaction 
in Which hydrogen gas is converted into protons and elec 
trons. 

[0087] “Protons,” sometimes referred to in a the fuel cell 
context as H", hydrogen ions, or positive ions, are a posi 
tively charged portion of hydrogen atom Which results from 
reaction over catalyst material. 

[0088] “Anode” is the electrode Where fuel oxidation 
reaction occurs. 

[0089] “Cathode” is the electrode Where oxidant reduction 
reaction occurs. 

[0090] “Gas diffusion layer,” or GDL or porous backing 
layer, is a layer adjacent to the electrodes Which aides in 
diffusion of gaseous reactants across the electrode surface; it 
is typically a carbon cloth or carbon-based/carbon-contain 
ing paper (e.g., one manufactured by Toray). The GDL 
should be electrically conductive to carry electrons through 
an external circuit. 

[0091] “Current collector” is the portion of a fuel cell 
adjacent to the GDL through Which electrons pass to an 
external circuit; it may also contain channels or paths (?oW 
?eld) to assist in gas distribution and is typically made of 
graphite or conductive composites. 

[0092] “How ?eld” is the scheme for distributing gaseous 
reactants across the electrode. A How ?eld may be part of a 
current collector and/or a GDL. 

[0093] “Insulator,” or dielectric, is a material Which is not 
electrically conductive. 

[0094] “Electrical conductivity,” or electronic conductiv 
ity, is the ability of a material to conduct electrons. 

[0095] “Protonic conductivity” or ionic conductivity (IC), 
is the ability of a material to conduct ions or protons. 

[0096] “PlatiniZation,” or more generically, “metalliZa 
tion,” is a process of depositing or precipitating metal (as 
de?ned above) onto the surface of a catalyst support. Spe 
ci?cally, platiniZation is a process of depositing or precipi 
tating platinum (Pt) onto the surface of a catalyst support. 

[0097] “Carbon black” is a conductive acinoform carbon 
utiliZed, for example, as a catalyst support (de?ned above). 
[0098] “Porosity,” or permeability, can be used to refer to 
porosity of carbon black (i.e., difference in NSA and STSA 
surface area measurements), or to macroscopic porosity of 
an electrode structure (i.e., related to ability of diffusion of 
gaseous reactants through an electrode layer). 
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[0099] “Carbonaceous” refers to a solid material com 
prised substantially of elemental carbon. “Carbonaceous 
material” is intended to include, Without limitation, i) car 
bonaceous compounds having a single de?nable structure; 
or ii) aggregates of carbonaceous particles, Wherein the 
aggregate does not necessarily have a unitary, repeating, 
and/or de?nable structure or degree of aggregation. 

[0100] “Particulate” means a material of separate par 
ticles. 

[0101] “Polarization curve,” IV curve, or current-voltage 
curve, is the data/results from electrochemical analysis of 
MEAs or catalyst materials. 

[0102] “X-ray diffraction” (XRD) is an analysis method 
for determining crystallographic properties of a material, 
speci?cally as used herein the siZe of dispersed metal 
particles. 

[0103] “X-ray photoelectron spectroscopy” (XPS), or 
electron scanning chemical analysis (ESCA), is an analysis 
method for obtaining chemical state information on mate 
rials. 

[0104] “CO chemisorption,’ or more simply, CO, is an 
analysis method for determining the available surface area 
of a material, speci?cally metal particles. 

a 

[0105] As used herein, the term “alkyl” refers to a paraf 
?nic hydrocarbon group Which may be derived from an 
alkane by dropping one hydrogen from the formula. Non 
limiting examples include Cl-C12 alkane derivatives such as 
methyl, ethyl, propyl, isopropyl, butyl, t-butyl, and isobutyl. 
It should be understood that an alkyl substituent can be a 
branched or straight chain alkyl substituent. 

[0106] “Sulfonate substituent” refers to a functional sub 
stituent comprising the generic formula —SO3_. The sul 
fonate substituent in the present invention can further com 
prise M thereby creating a sulfonated substituent Which has 
the general formula —SO3M. M can be, e.g., hydrogen or a 
cationic species such as sodium, potassium, lithium, or 
ammonium. 

[0107] “Surface-bonded” refers to a substituent that is 
substantially bonded, either covalently or ionically, prima 
rily or only to the outer surface of the carbonaceous material. 
A substituent that is “surface bonded” is substantially absent 
from the inside, or core, of the carbonaceous material. 

[0108] “Cationic species” refers to a positively charged 
molecular or elemental species capable of forming an ionic 
bond With a sulfonate substituent as de?ned above. 
Examples of cationic species include, Without limitation, 
ammonium, the group I alkali metals, e.g., lithium, sodium, 
potassium, rubidium, cesium, and francium, as Well as 
organic bases such as dimethylethanol amine (DMEA) and 
triethanolamine (TEA). 

[0109] The present invention provides a method of sul 
fonating particulate carbonaceous material and the resulting 
composition. The sulfonated carbon serves as a unique 
catalyst support to increase the protonic and electronic 
conductivity and uniform distribution of metal particles in 
fuel cell supported catalysts. The sulfonated carbon also 
improves Water management in a fuel cell environment. The 
present invention also provides devices comprising the 
composition. 
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Composition 

[0110] The invention includes a composition comprising a 
sulfonated particulate carbonaceous material. The composi 
tion can further comprise a conducting polymer. The com 
position can further comprise a metal. 

[0111] The carbonaceous material is described beloW. The 
sulfonated particulate carbonaceous material can be greater 
than about 0% to about 100% by Weight of the composition 
of the present invention, for example, about 2, 5, 10, 15, 20, 
25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 96, 
or 97%. The sulfonated particulate carbonaceous material 
can be about 1% to about 90% by Weight of the composition, 
for example, about 2, 5, 10, 12, 15, 17, 20, 22, 25, 27, 30, 
32, 35, 37, 40, 42, 45, 47, 50, 52, 55, 57, 60, 62, 65, 67, 70, 
72, 75, 77, 80, 82, 85, 87, or 88%. The sulfonated particulate 
carbonaceous material can be about 40% to about 90% by 
Weight of the composition, for example, about 41, 44, 46, 50, 
51, 54, 56, 60, 61, 64, 66, 70, 71, 74, 76, 80, 81, 84, 86, or 
89%. The sulfonated particulate carbonaceous material can 
be about 50% to about 80% by Weight of the composition, 
for example, about 53, 54, 55, 57, 58, 60, 63, 65, 67, 68, 70, 
73, 75, 77, 78, or 79%, of the present invention. 

[0112] The composition can further comprise a conducting 
polymer. The conducting polymer is described beloW. The 
conducting polymer can be about 0% and less than about 
100% by Weight of the composition of the present invention, 
for example, about 1, 2, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 
55, 60, 65, 70, 75, 80, 85, 90, 95, 96, 97, 98, or 99%. The 
conducting polymer can be about 1% to about 50% by 
Weight, for example, 2, 5, 7, 10, 12, 15, 17, 20, 22, 25, 27, 
30, 32, 35, 37, 40, 42, 45, 47, 48, or 49%. The conducting 
polymer can be about 20% to about 50% by Weight, for 
example, about 22, 24, 25, 30, 35, 40, 45, 47, or 48%, of the 
composition of the present invention. 

[0113] The composition can further comprise a metal. The 
metal is described beloW. The metal can be about 2% to 
about 80% of the composition, for example, about 3, 5, 7, 8, 
10, 12, 13, 15, 17, 20, 22, 25, 27, 30, 32, 35, 37, 40, 42, 45, 
47, 50, 52, 55, 57, 60, 62, 65, 67, 70, 72, 75, or 78%. The 
metal can be about 2% to about 60% of the composition, for 
example, about 5, 7, 10, 12, 15, 20, 25, 30, 35, 40, 45, 50, 
55, or 57%. The metal can be about 20% to about 40% of the 
composition for example, about 22, 25, 30, 35, or 38%. The 
metal can be distributed on the surface of the composition. 

[0114] Sulfonated Carbonaceous Material 

[0115] The carbonaceous material can be any particulate, 
substantially carbonaceous material that is an electronically 
conductive carbon and has a “reasonably high” surface area. 
For example, carbon black, graphite, nanocarbons, 
fullerenes, fullerenic material, ?nely divided carbon, or 
mixtures thereof can be used. 

[0116] Carbon Black 

[0117] The carbonaceous material can be carbon black. 
The choice of carbon black in the invention is not critical. 
Any carbon black can be used in the invention. Carbon 
blacks With surface areas (nitrogen surface area, NSA) of 
about 200 to about 1000 m2/g, for example, about 200, 220, 
240, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 
800, 850, or 950 m2/g can be used. Speci?cally, a carbon 
black With a surface area of 240 m2/g (NSA, ASTM D6556) 
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can be used. It is preferred that the carbon black have 
?neness effective for metal dispersion. It is preferred that the 
carbon black have structure effective for gas diffusion. 

[0118] The sulfonated carbon black can be greater than 
about 0% to about 100% by Weight of the composition of the 
present invention, for example, about 2, 5, 10, 15, 20, 25, 30, 
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 96, or 97%. 
The sulfonated carbon black can be about 1% to about 90% 
by Weight of the composition, for example, about2, 5, 10, 12, 
15, 17, 20, 22, 25, 27, 30, 32, 35, 37, 40, 42, 45, 47, 50, 52, 
55, 57, 60, 62, 65, 67, 70, 72, 75, 77, 80, 82, 85, 87, or 88%. 
The sulfonated carbon black can be about 40% to about 90% 
by Weight of the composition, for example, about 41, 44, 46, 
50, 51, 54, 56, 60, 61, 64, 66, 70, 71, 74, 76, 80, 81, 84, 86, 
or 89%. The sulfonated carbon black can be about 50% to 
about 80% by Weight of the composition, for example, about 
53, 54, 55, 57, 58, 60, 63, 65, 67, 68, 70, 73, 75, 77, 78, or 
79%, of the present invention. 

[0119] Those skilled in the art Will appreciate that carbon 
black particles have physical and electrical conductivity 
properties Which are primarily determined by the particle 
and aggregate siZe, aggregate shape, degree of graphitic 
order, and surface chemistry of the particle. 

[0120] Also, the conductivity of highly crystalline or 
highly graphitic particles is higher than the conductivity of 
more amorphous particles. Generally, any of the forms of 
carbon black particles is suitable in the practice of the 
present invention and the particular choice of siZe, structure, 
and degree of graphitic order depends upon the physical and 
conductivity requirements desired for the carbon black. 

[0121] One of skill in the art could readily choose an 
appropriate carbon black for a particular application. 

[0122] Carbon blacks are commercially available (e.g., 
Columbian Chemical Company, Atlanta, Ga.). 

[0123] Other Carbonaceous Material 

[0124] The particulate carbonaceous material can be a 
material other than carbon black. The choice of other 
carbonaceous material in the invention is not critical. Any 
substantially carbonaceous material that is an electronically 
conductive carbon and has a “reasonably high” surface area 
can be used in the invention. For example, graphite, nano 
carbons, fullerenes, fullerenic material, ?nely divided car 
bon, or mixtures thereof can be used. 

[0125] It is preferred that the carbonaceous material have 
?neness effective for metal dispersion. It is preferred that the 
carbonaceous material have structure effective for gas dif 
fusion. 

[0126] One of skill in the art could readily choose a 
carbonaceous material for a particular application. 

[0127] These carbonaceous materials are commercially 
available. 

[0128] The sulfonated carbonaceous material can be 
greater than about 0% to about 100% by Weight of the 
composition of the present invention, for example, about 2, 
5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 
85, 90, 95, 96, or 97%. The sulfonated carbonaceous mate 
rial can be about 1% to about 90% by Weight of the 
composition, for example, about 2, 5, 10, 12, 15, 17, 20, 22, 
25, 27, 30, 32, 35, 37, 40, 42, 45, 47, 50, 52, 55, 57, 60, 62, 
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65, 67, 70, 72, 75, 77, 80, 82, 85, 87, or 88%. The sulfonated 
carbonaceous material can be about 40% to about 90% by 
Weight of the composition, for example, about 41, 44, 46, 50, 
51, 54, 56, 60, 61, 64, 66, 70, 71, 74, 76, 80, 81, 84, 86, or 
89%. The sulfonated carbonaceous material can be about 
50% to about 80% by Weight of the composition, for 
example, about 53, 54, 55, 57, 58, 60, 63, 65, 67, 68, 70, 73, 
75, 77, 78, or 79%, of the present invention. 

[0129] The sulfonated carbonaceous material can be made 
by a method described beloW in METHOD. 

[0130] The present invention provides the surface-modi 
?ed carbonaceous materials that result from the methods 
described beloW. The surface-modi?ed carbonaceous mate 
rials exhibit several improved characteristics over those 
previously obtained in the art. 

[0131] In one embodiment, the invention provides a sur 
face-modi?ed carbonaceous material comprising a plurality 
of sulfonate substituents of the general formula —SO3H 
surface bonded thereto. 

[0132] In an alternative embodiment, the invention pro 
vides a surface-modi?ed carbonaceous material comprising 
a plurality of sulfonate substituents of the general formula 
—SO3M, Wherein M represents a cationic species as de?ned 
herein, e.g., ammonium and the group I alkali metals, such 
as lithium, sodium, or potassium. 

[0133] In an alternative embodiment, the degree of sul 
fonation or presence of sulfonate substituents surface 
bonded to the carbonaceous material can be measured by 
XPS. Accordingly, several embodiments of the sulfonated 
carbonaceous material of the present invention provide 
surface-modi?ed carbonaceous materials that exhibit a sur 
face atomic concentration of sulfur Within the sulfonate 
substituents, as measured by XPS (using the Physical Elec 
tronics 5802 Multitechnique With Al KO. X-ray source), of at 
least about 0.25%, 0.30%, 0.35%, 0.5%, 0.8%, 1.0%, 1.3%, 
1.5%, 1.7%, 1.8%, 2.0%, 3.0%, 4.0%, 4.5%, or 5.0%. In a 
preferred embodiment, the surface atomic concentration of 
sulfur is in the range of from at least about 0.25% to about 
5.0%, or in the range of from about 0.30% to about 5.0%, or 
in the range of from about 0.35% to about 5.0% relative to 
the total surface atomic concentration of the surface-modi 
?ed carbonaceous material. When practiced With an appro 
priate carbonaceous material and reaction conditions, the 
present invention Will further provide a surface-modi?ed 
carbonaceous material, Wherein the surface atomic concen 
tration of sulfur exceeds the above-referenced ranges and 
values. Therefore, the degree of surface modi?cation and 
measured surface atomic concentration of sulfur Will be 
dependent, at least in part, on the surface area of the initial 
carbonaceous material that is used. 

[0134] For example, FIG. 3 Which indicates the XPS 
surface atomic concentration spectrum of the sulfonated 
carbon black composition of Example 4, the sulfur species 
contained Within the sulfonate substituent is present in an 
amount of about 1.5% relative to the total surface atomic 
concentration of the sulfonated carbon black compound. 
When compared to FIG. 2, Which indicates the XPS surface 
atomic concentration spectrum of the carbon black com 
pound prior to sulfonation, i.e., 0.2%, it is revealed that, in 
accordance With one embodiment, the surface atomic con 
centration of surface-bonded sulfur species has been 
enhanced by about 750%, from about 0.2% to about 1.5%. 
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[0135] Furthermore, speci?c reference to FIG. 5 reveals 
that about 89% of the surface-bonded sulfur species mea 
sured in FIG. 3 is present as a component of the surface 
bonded sulfonate substituent. Therefore, the surface-modi 
?ed carbon black of Example 4 has a surface atomic 
concentration of sulfur present Within the surface-bonded 
sulfonate substituents of about 1.34%, i.e., 89% of the 1.5% 
surface atomic concentration of sulfur species measured in 
FIG. 3. 

[0136] XPS measurement can be used to indicate the 
degree of surface modi?cation by measuring the surface 
atomic concentration of oxygen species surface-bonded to 
the carbonaceous material before and after the sulfonation 
reaction. 

[0137] For example, With speci?c reference again to FIG. 
3, the surface atomic concentration of oxygen present Within 
the sulfonated carbon composition of Example 4 is about 
8.3%. This compares to an initial oxygen concentration of 
1.9% prior to sulfonation, as indicated by FIG. 2. Reference 
to FIG. 4 indicates that about 61.8% of the surface-bonded 
oxygen species are present as a component of the surface 
bonded sulfonate substituents. Therefore, the surface-modi 
?ed carbon black of Example 4 has a surface atomic 
concentration of oxygen present Within the surface-bonded 
sulfonate substituents of about 5.13%, i.e., 61.8% of the 
8.3% surface atomic concentration of oxygen species mea 
sured in FIG. 3. 

[0138] An XPS measurement can also be utiliZed to indi 
cate the degree of surface modi?cation by measuring the 
surface atomic concentration of the entire sulfonate substitu 
ent, e.g., —SO3M, Wherein M is hydrogen or a cationic 
species as de?ned herein. The surface-modi?ed carbon 
aceous materials of the present invention preferably exhibit 
a surface atomic concentration of the sulfonate substituent, 
When measured by XPS, in the range of from about 0.25% 
to about 5.0%, including values of at least about 0.5%, 1.0%, 
1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.0%, and 4.5%. 

[0139] As previously described, the carbonaceous mate 
rials can be any carbonaceous material, especially provided 
it contains suf?cient C—H edge sites capable of interacting 
With the organic sul?te intermediate under conditions effec 
tive to provide a desired surface-modi?ed carbonaceous 
material. 

[0140] Speci?c examples of suitable carbonaceous mate 
rials are disclosed above. 

[0141] Among the advantages of the present invention, the 
surface-modi?ed carbonaceous materials of the present 
invention exhibit improved protonic and electronic conduc 
tivity and Water management When used in fuel cells. 

[0142] Conducting Polymer 

[0143] The composition may further comprise a conduc 
tive material. The conductive material is any conductive 
material Which is effective for the discussed purposes of the 
invention. Speci?cally, the conductive material can be a 
conducting polymer. The conducting polymer can be any 
organic polymer capable of electronic conductivity, for 
example, attributable to extended conjugated/delocaliZed 
multiple bonds and containing unshared electron pairs as 
provided by the presence of hetero atoms. 
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[0144] For example, polyaniline, polypyrrole, poly 
thiophene, polyfuran, poly(p-phenylene-oxide), poly(p-phe 
nylene-sul?de), substituted conducting polymers, or mix 
tures thereof can be used. Speci?cally, the conducting 
polymer can include polyaniline, polypyrrole, polyfuran, 
polythiophene, or mixtures thereof. Mixtures of these poly 
mers can include physical mixtures as Well as copolymers of 
the monomers of the respective polymers. As used herein, 
reference to a polymer also covers a copolymer. More 
speci?cally, the conducting polymer can comprise polya 
niline or polypyrrole. 

[0145] The conducting polymer can be, for example, 
coated on, mixed With, or grafted to the sulfonated particu 
late carbonaceous material surface. If grafted, the polymer 
can be grafted to the sulfonated carbonaceous material in a 
process such as oxidative polymeriZation. A method for 
oxidative polymeriZation is described beloW and in co 
pending applications “Conducting Polymer-Grafted Carbon 
Material For Fuel Cell Applications” and “Sulfonated Con 
ducting Polymer-Grafted Carbon Material For Fuel Cell 
Applications,” ?led May 23, 2003. 

[0146] The presence of polymers in a ?nal composition 
can be supported by XPS results and by the observed 
physical properties (e.g., ability to press ?lms from the 
composition). 

[0147] One of skill in the art could readily choose a 
conductive material (e.g., conducting polymer) for a par 
ticular application. Conducting polymers are commercially 
available and are readily prepared by a person of ordinary 
skill in the art. 

[0148] The conducting polymer can contain hetero atoms. 
The hetero atoms can be N, S, and O, for example. The 
amount of hetero atoms in Weight % of the resulting polymer 
is the same Weight % as the hetero atoms in the monomer(s) 
used for the polymer (e.g., 15% N for aniline/polyaniline 
and 21% N for pyrrole/polypyrrole). The location of the 
hetero atoms in the conducting polymer also depends on the 
corresponding monomer(s). 
[0149] One of skill in the art could readily choose Which 
hetero atoms to have in a particular conducting polymer for 
a particular application. Conducting polymers With hetero 
atoms are commercially available and are readily prepared 
by a person of ordinary skill in the art. 

[0150] A conducting polymer can be coated onto the 
sulfonated carbonaceous material surface, for example, by 
suf?ciently mixing the sulfonated carbonaceous material 
and a conducting polymer Warmed to the point it Will coat 
the carbonaceous material. 

[0151] The conducting polymer, e.g., With hetero atoms, 
can be grafted onto the carbon surface, for example, thereby 
increasing the electrical conductivity of the sulfonated car 
bonaceous material and the stability of the hybrid (i.e., 
polymer+sulfonated carbon) material is expected to be 
enhanced. The polymer grafting process also reduces the 
porosity of the sulfonated carbon. The grafting process is 
described beloW and in co-pending applications “Conduct 
ing Polymer-Grafted Carbon Material For Fuel Cell Appli 
cations” and “Sulfonated Conducting Polymer-Grafted Car 
bon Material For Fuel Cell Applications,” ?led May 23, 
2003. 
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[0152] Hetero atom containing conductive polymer 
grafted sulfonated carbon material also shoWs hydrophilic 
character and thereby enhances the humidi?cation process 
When used in a fuel cell application, for example. Also, the 
higher conductivity of these polymers facilitates the electron 
transfer process. 

[0153] The conducting polymer can be about 0% and less 
than about 100% by Weight of the composition of the present 
invention, for example, about 1, 2, 5, 10, 15, 20, 25, 30, 35, 
40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 96, 97, 98, or 
99%. The conducting polymer can be about 1% to about 
50% by Weight, for example, 2, 5, 7, 10, 12, 15, 17, 20, 22, 
25, 27, 30, 32, 35, 37, 40, 42, 45, 47, 48, or 49%. The 
conducting polymer can be about 20% to about 50% by 
Weight, for example, about 22, 24, 25, 30, 35, 40, 45, 47, or 
48%, of the composition of the present invention. 

[0154] A grafted conducting polymer (e.g., With hetero 
atoms) grafted on sulfonated carbonaceous material behaves 
differently, When used as a catalyst support, than the car 
bonaceous material alone or the conducting polymer alone. 

[0155] Catalyst Support 
[0156] A composition of the present invention can be 
utiliZed as a catalyst support. A catalyst support of the 
present invention comprises a sulfonated particulate carbon 
aceous material. The sulfonated carbonaceous material is 
described above. 

[0157] A catalyst support can further comprise a conduc 
tive material (e.g., a conducting polymer containing hetero 
atoms). The conductive material can be coated on the 
sulfonated particulate carbonaceous material or grafted to 
the sulfonated particulate carbonaceous material, thus form 
ing a single material. 

[0158] A method for making the catalyst support is 
described beloW. 

[0159] Example 6 beloW demonstrates the increase in 
protonic and electronic conductivity for a catalyst support of 
the present invention over non-sulfonated carbon. 

[0160] Metal/Catalyst 
[0161] A composition of the present invention can further 
comprise a metal. The metal can be, for example, platinum, 
iridium, osmium, rhenium, ruthenium, rhodium, palladium, 
vanadium, chromium, or a mixture thereof, or an alloy 
thereof. Speci?cally, the metal can be platinum. 

[0162] As de?ned above, the metal can also be alloys or 
oxides of metals effective as catalysts. 

[0163] It is desired that the form and/or siZe of the metal 
provide the highest surface area of the metal possible per 
unit mass. It is desired that the siZe of the metal particles be 
kept as small as possible to achieve this end. Generally, in 
the art, metal particles end up as approximately 2 to about 
6 nm during use in fuel cells due to sintering. AsiZe less than 
about 2 nm can provide better performance. Atomic plati 
num, for example, Would be ideal and found in groups of 
about 3 atoms. 

[0164] The amount of metal can be any amount. The 
amount of metal can be an effective catalytic amount. One 
of skill in the art can determine an amount effective for the 
desired performance. 
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[0165] The metal can be about 2% to about 80% of the 
composition, for example, about 3, 5, 7, 8, 10, 12, 13, 15, 17, 
20, 22, 25, 27, 30, 32, 35, 37, 40, 42, 45, 47, 50, 52, 55, 57, 
60, 62, 65, 67, 70, 72, 75, or 78%. The metal can be about 
2% to about 60% of the composition, for example, about 5, 
7, 10, 12, 15, 20, 25, 30, 35, 40, 45, 50, 55, or 57%. The 
metal can be about 20% to about 40% of the composition for 
example, about 22, 25, 30, 35, or 38%. The metal can be 
uniformly distributed on the composition, e.g., on the sur 
face of the composition or in/on the conducting polymer of 
the composition. 

[0166] One of skill in the art could readily choose a metal 
to use in the composition for a particular application. Metals 
are commercially available. 

[0167] Supported Catalyst/Electrode 

[0168] The catalyst support above can further comprise a 
metal. This resulting composition can be a supported cata 
lyst (or electrode), such as in a fuel cell. 

[0169] The catalyst support and metal are described 
above. The metal can be uniformly distributed on and/or in 
the catalyst support. 

[0170] The supported catalyst can be made by methods 
described beloW. For example, the supported catalyst can be 
made by sulfonating a particulate carbonaceous material and 
then metalliZing the sulfonated particulate carbonaceous 
material. Alternatively, a particulate carbonaceous material 
can be metalliZed and then sulfonated. Further, a conducting 
polymer can be formed and grafted to a sulfonated carbon 
aceous material (e.g., carbon black) by oxidative polymer 
iZation of the monomer of the conducting polymer in the 
presence of the sulfonated carbonaceous material and then 
subsequently metalliZed (e.g., platiniZed). Still further, a 
conducting polymer can be coated on a carbonaceous mate 
rial and the composition subsequently metalliZed. 

[0171] The supported catalyst can be used in various 
applications requiring such a supported catalyst. One 
example of such an application is in a fuel cell, speci?cally 
as an electrode in a fuel cell. 

[0172] Factors such as surface area and conductivity of the 
supported catalyst have historically been vieWed as impor 
tant. Relatively little research has been undertaken until the 
present invention to understand the role of and optimiZe the 
carbon support portion. 

[0173] In the present invention, the sulfonated particulate 
carbonaceous material (e.g., carbon black) aids the uniform 
dispersion of metal such as by anchoring the metal to the 
sulfur atoms present on the black. Also, the anchoring 
groups facilitate prevention of agglomeration and sintering 
of platinum (Pt) (or other metal) particles. 

[0174] The current standard in the industry for carbon 
supported catalysts in fuel cells is the Johnson Matthey 
HiSPECTM series typically loaded With about 10-40% or 
10-60% platinum. 
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Device 

[0175] The invention includes various devices. 

[0176] Electrode 

[0177] An electrode of the present invention is described 
above. An electrode of the invention can serve as either an 

anode, a cathode, or both. 

[0178] Membrane Electrode Assembly (MEA) 

[0179] The combination of anode/membrane/cathode 
(electrode/electrolyte/electrode) in a fuel cell is referred to 
as the membrane/electrode assembly (MEA). The evolution 
of MEA in PEM fuel cells has passed through several 
generations. The original membrane/electrode assemblies 
Were constructed in the 1960s for the Gemini space program 
and used 4 mg Pt/cm2 of membrane area, Which generated 
about 0.5 amperes per mg Pt. Current technology varies With 
the manufacturer, but total Pt loading has decreased from the 
original 4 mg/cm2 to about 0.5 mg/cm2. Laboratory research 
noW uses Pt loadings of 0.15 mg/cm2 Which are able to 
generate about 15 amperes per mg Pt. 

[0180] Membrane/electrode assembly construction varies 
greatly, but the folloWing is one of the typical procedures. 
The supported catalyst/electrode material is ?rst prepared in 
liquid “ink” form by thoroughly miXing together appropriate 
amounts of supported catalyst (powder of metal, e.g., Pt, 
dispersed on carbon) and a solution of the membrane 
material (ionomer) dissolved in a solvent, e.g., alcohols. 
Once the “ink” is prepared, it is applied to the surface of the 
solid membrane, e.g., Na?on®, in a number of different 
Ways. The simplest method involves painting the catalyst 
“ink” directly onto a dry, solid piece of membrane. The Wet 
supported catalyst layer and the membrane are heated until 
the catalyst layer is dry. The membrane is then turned over 
and the procedure is repeated on the other side. Supported 
catalyst layers are then on both sides of the membrane. The 
dry membrane/electrode assembly is neXt rehydrated by 
immersing in dilute acid solution to also ensure that the 
membrane is in the H+ form needed for fuel cell operation. 
The ?nal step is the thorough rinsing in distilled Water. The 
membrane/electrode assembly is then ready for insertion 
into the fuel cell hardWare. 

[0181] The membrane/electrode assembly can have a total 
thickness of about 200 pm, for eXample, and conventionally 
generate more than 0.5 an ampere of current for every square 
cm of membrane/electrode assembly at a voltage betWeen 
the cathode and anode of 0.7 V, When encased Within 
Well-engineered components. 

[0182] Supported Catalyst/Electrode 

[0183] The supported catalyst/electrode of the present 
invention is described above in SUPPORTED CATALYST/ 
ELECTRODE. 

[0184] The supported catalyst/electrode can be applied to 
the membrane of the MEA Which is described beloW. For 
eXample, the supported catalyst of the present invention can 
be added to a solvent and “painted” onto the membrane. One 
of skill in the art could easily determine methods for 
applying the supported catalyst to the membrane. 

Jun. 10, 2004 

[0185] Transfer Membrane/Electrolyte 

[0186] The PEM carries the necessary protons from the 
anode to the cathode While keeping the gases safely separate. 

[0187] The thickness of the membrane in a membrane/ 
electrode assembly can vary With the type of membrane. The 
thickness of the supported catalyst layers depends on hoW 
much metal is used in each electrode. For eXample, for 
supported catalyst layers containing about 0.15 mg Pt/cm2, 
the thickness of the supported catalyst layer can be close to 
10 pm. The thickness of the supported catalyst layer can be, 
for eXample, about 0.1 to about 50 pm, more speci?cally on 
the order of about 20 to about 30 pm. Thicknesses above 50 
pm appear to increase the mass transfer problems too much 
to be effective. An appropriate thickness of supported cata 
lyst can be determined by one of skill in the art. 

[0188] The membrane of the MEA can be a dielectric, 
ionically-conductive material. It is desired that the mem 
brane be sufficiently durable to Withstand conditions Within 
a fuel cell. An appropriate membrane can be determined by 
one of skill in the art. 

[0189] The membrane of the MEA can be an ionomer, 
speci?cally a per?uorosulfonate ionomer. More speci?cally, 
the membrane can be a poly(tetra?uoroethylene)-based cat 

ion eXchange ionomer such as Na?on® (DuPont, Wilming 
ton, Del.; Fayetteville, NC). Na?on® is a per?uorinated 
polymer that contains small proportions of sulfonic or 
carboXylic ionic functional groups. Its general chemical 
structure can be seen beloW, Where X is either a sulfonic or 
carboXylic functional group and M is either a metal cation in 
the neutraliZed form or an H+ in the acid form. 
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[0190] The MEA comprises an anode, a cathode, and a 
membrane. 

[0191] The anode can be an electrode of the present 
invention. The electrode should be electrically conducting, 
porous enough to let reactants diffuse to the metal, and able 
to carry protons to the membrane. The cathode can also be 
an electrode of the present invention. 

[0192] FIG. 8 demonstrates the functionality of MEA of 
the present invention. 

[0193] Fuel Cell 

[0194] A fuel cell comprises an MEA, fuel feed, and 
oxidant feed. A fuel cell typically comprises an MEA, 
backing layers, and How ?elds/current collectors, fuel feed, 
and oxidant feed. 














