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ABSTRACT 

The invention relates to methods and structures of metal 
particles on a Support material, including platinum-contain 
ing nanoparticles on a carbon support. Such materials can be 
used as electrocatalysts, for example as improved electrocata 
lysts in polymer electrolyte membrane fuel cells (PEM-FCs). 
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PHOTOCATALYTIC METHODS FOR 
PREPARATION OF ELECTROCATALYST 

MATERALS 

REFERENCE TO RELATED APPLICATION 

0001. This Application is a divisional of application Ser. 
No. 1 1/329,853 filed on Jan. 11, 2006. Application Ser. No. 
1 1/329,853 claims the benefit of U.S. Provisional Application 
60/643,283 filed on Jan. 12, 2005. 

STATEMENT OF GOVERNMENT INTEREST 

0002. This invention was made under a CRADA (SC04/ 
01686) between Toyota Technical Center, U.S.A. Inc. (now 
Toyota Motor Engineering & Manufacturing North America, 
Inc.) and Sandia Corporation, Operator of Sandia National 
Laboratories, operated for the United States Department of 
Energy. The government has certain rights in this invention. 

FIELD OF THE INVENTION 

0003. The invention relates to catalysts, in particular to 
electrocatalysts comprising metal particles Supported on an 
electrically conducting Support material. 

BACKGROUND OF THE INVENTION 

0004 Fuel cells have been extensively studied for numer 
ous applications, including automotive applications. A key 
component of a fuel cell is the electrocatalyst, the nature of 
which will impact on both performance and cost of the fuel 
cell. A typical electrocatalyst is formed from platinum par 
ticles on a carbon Support. There is often an aggregation 
problem for the platinum particles on the carbon Support 
under fuel cell conditions, and this reduces the efficiency of 
the electrocatalyst and requires more platinum than would be 
otherwise necessary. Catalyst utilization is also reduced by 
the presence of large particles. The tremendous demand for 
platinum has greatly increased its cost. Reducing the amount 
of platinum used in a fuel cell would greatly aid commercial 
ization of this technology. 
0005. In a typical polymer electrolyte membrane (PEM) 
fuel cell (FC), the PEM is sandwiched between two elec 
trodes, an anode and a cathode. The fuel cell includes a Supply 
of fuel Such as hydrogen gas to the anode, where the hydrogen 
is converted to hydrogen ions (protons) and electrons. Oxy 
gen is Supplied to the cathode, where the oxygen, hydrogen 
ions conducted through the PEM, and electrons conducted 
through an external circuit combine to form water. Electro 
catalysts are used to facilitate these electrode reactions. For 
better fuel cell performance, the catalytically active material 
(platinum) should be in contact with an electron-conducting 
material Such as carbon black that conducts the electrons, and 
a proton conductor (the PEM) that conducts the protons. 
However, in a conventional PEM fuel cell, if platinum is 
located in pores of the carbon black, contact with the PEM 
may be lost, reducing effectiveness. 

SUMMARY OF THE INVENTION 

0006. The invention relates to methods of preparing metal 
particles on a Support material, including platinum-contain 
ing nanoparticles on a carbon Support. The invention also 
relates to electrocatalysts using such materials, including 
catalytically active metal particles on a Support material, and 
other applications of Such electrocatalysts. In particular 
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examples, the invention relates to improved electrocatalysts 
for polymer electrolyte membrane fuel cells (PEM-FCs). 
0007. In improved methods of electrocatalyst manufac 
ture, a photocatalyst is used to seed formation of metal par 
ticles, such as platinum-containing nanoparticles, on the Sur 
face of a Support material. Such as carbon. As the 
photocatalyst can readily be well dispersed over the surface of 
the Support material, the metal particles are also well dis 
persed, particularly when compared with prior art 
approaches. The presence of numerous, well dispersed pho 
tocatalyst sites on the Support material also leads to uniform 
particle size distributions, again compared with conventional 
approaches. Further, any undesirable organic component of 
the photocatalyst can be converted into additional carbon 
support material by pyrolysis after formation of the metal 
particles. 
0008 Electrocatalysts according to the present invention 
include metal particles where one or more metal species are 
be present in the particles, including platinum, platinum 
alloys Such as platinum-iron alloys, and the like. By using a 
mixture of metal precursor compounds, alloy particles can be 
formed on a Support material, including platinum-iron alloy 
particles. 
0009. A method for making an electrocatalyst comprises 
providing a mixture including a photocatalyst, a reductant, 
and a metal compound, and illuminating the mixture so as to 
form metal particles by reduction of the metal compound. The 
metal particles are Supported on a Support material to form the 
electrocatalyst. The support material is electrically conduct 
ing, being a good electron conductor. An example Support 
material is a carbon-containing material. Such as carbon 
black. The photocatalyst may be an organometallic com 
pound, such as a metal porphyrin, for example tin porphyrin 
or antimony porphyrin. The reductant may be, for example, 
ascorbic acid and hydroquinone. Illumination may include 
exposure to visible and/or UV light. 
0010. The mixture includes at least one metal compound, 
Such as a platinum compounds, iron compound, or combina 
tion thereof. A mixture of metal compounds may be used to 
form alloy particles, including platinum alloy particles Such 
as iron-platinum alloy particles. The metal particles may be 
nanoparticles, for example having a median diameter of less 
than 100 nm, such as between 1 and 10 nm. 
0011. The support material may be present in the illumi 
nated mixture, or may be combined later. In one approach, the 
photocatalyst is dispersed on the Support material Surface, 
and then the photocatalyst-coated Support material is com 
bined with the reductant and the metal compound into the 
mixture. The photocatalyst may be dispersed over the surface 
of the Support material by dissolving (or Suspending) the 
photocatalyst and Support material in a common solvent, then 
evaporating the solvent. Illumination may occur during and/ 
or after combination. In another approach, the metal particles 
are formed during illumination of a mixture that does not 
include the Support material, and the Support material and 
metal particles are combined later. For example, a suspension 
of Support material (such as a carbon Suspension) may be 
combined with a suspension of metal particles. The Suspen 
sion of metal particles may be the mixture after illumination, 
or additional filtering may be performed. 
0012. An improved method for making an electrocatalyst 
comprises forming metal particles on a Support material hav 
ing a Surface photocatalyst dispersed on its Surface by photo 
reduction of a metal compound. An additional pyrolysis step 
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can be used to convert any organic components present (Such 
as the photocatalyst) to additional carbon Support material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIGS. 1A-1C illustrate schematically metal par 
ticles on a carbon particle, including a conventional electro 
catalyst in which poor particle size control and poor disper 
sion over the surface reduce platinum utilization (FIG. 1A), 
an electrocatalyst according to the present invention having 
highly dispersed metal particles over the Surface of a carbon 
support (FIG. 1B), and a pyrolysis method (FIG. 1C); 
0014 FIGS. 2A and 2B show TEM images of platinum 
nanoparticles grown on carbon black; 
0015 FIGS. 3A and 3B show TEM images of platinum 
nanoparticles growing on carbon black using a lower Pt com 
plex concentration; 
0016 FIGS. 4A and 4B shows the TEM image of platinum 
nanoparticles synthesized using a titration method and a non 
titration method; 
0017 FIGS.5A-5F show TEM images of platinum nano 
structures synthesized on carbon black using various reduc 
tants; 
0018 FIG. 6 shows CV curves of a non-SDS containing Pt 
electrode: 
0019 FIG.7 shows CV curves of a 40mMSDS containing 
Pt electrode: 
0020 FIG.8 shows a break-in curve at 0.5V for a non-SDS 

cell; 
0021 FIG. 9 shows a break-in curve at 0.1 V for a SDS 
containing cell; 
0022 FIG.10 shows performance curves of SDS and non 
SDS cells after a break-in period; 
0023 FIGS. 11A and 11B show a TEM image and a Pt 4f 
X-ray photoelectron spectrum (respectively) for platinum 
nanoparticles grown on carbon black; and 
0024 FIGS. 12A-12C show a high-resolution TEM 
image, a scanning TEM image, and an interfacial electron 
density profile respectively for platinum nanoparticles grown 
on carbon black. 

DETAILED DESCRIPTION OF THE INVENTION 

0025. Examples of the present invention include electro 
catalysts having metal particles Supported by an electrically 
conducting Support material, and methods of fabricating Such 
electro catalysts. 
0026 Improved electrocatalysts can be fabricated using 
illumination of a mixture including one or more metal pre 
cursor compounds, a photocatalyst, and a reductant to pro 
duce metal particles through the reduction of the metal pre 
cursor compound. A photocatalyst, such as an organometallic 
photocatalyst, may be dispersed over the Surface of a Support 
material (or in another approach dispersed through a mixture 
not including the Support material) and used to seed the for 
mation of highly dispersed metal particles. In the case of 
electrocatalysts including platinum-containing particles on a 
carbon Support, the present invention allows the utilization of 
platinum to be increased, reducing the amount of platinum 
needed in fuel cell applications. The formation of particles 
within the fine pores of a carbon Support may also be pre 
vented. 
0027. As the photocatalyst can be well dispersed over the 
Surface of the Support material, the resulting metal particles 
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are also well dispersed. The metal particles also have more 
uniform and controlled sizes compared with previous 
approaches. 
0028. The metal particles may be substantially a single 
metal species, such as platinum particles, or contain a plural 
ity of metal species, for example in the form of an alloy 
particle. The metal particles may be platinum-containing par 
ticles (such as Substantially pure platinum, or platinum alloys 
Such as platinum-iron alloys), or other species of catalytically 
active material. Particles may be nanoparticles, having a 
dimension less than 1 micron, and may be substantially sphe 
roidal. 
0029. Example electrocatalysts according to the present 
invention include nano structured metal particles having a 
diameter of between approximately 1 nanometer and 10 
nanometers, Supported on a Surface of a Support material. 
Pyrolysis, for example under ammonia or other inert atmo 
sphere, can be used to convert organic compounds into a part 
of the support material, for example as carbon formed by the 
pyrolysis. This may increase the thermal stability of the par 
ticles and prevent aggregation. For Some applications, the 
pyrolysis step may not be necessary. 
0030. In conventional platinum-carbon electrocatalysts, a 
large number of platinum particles do not take part in the 
reactions of the electrode layers. This results in low platinum 
utilization. Additionally, the electrolyte cannot effectively 
penetrate into the fine pores of the carbon where many plati 
num particles are located. The catalyst is inactive if it is not in 
contact with the electrolyte. This wastage of platinum leads to 
a reduced proton formation under PEM fuel cell conditions, 
and is a reason for low platinum utilization. 
0031 FIG. 1A illustrates a conventional configuration, 
comprising a carbon Support material 10 having platinum 
particles such as 12 dispersed over the surface of the carbon. 
The presence of large particles such as 14 is one cause of low 
platinum utilization, and another is the presence of particles 
Such as 16 within narrow pores of the carbon Support material, 
where the electrolyte would probably not contact in a PEM 
fuel cell. Without contact with the electrolyte, the catalyst is 
effectively inactive, reducing catalyst utilization. 
0032 FIG. 1B is a schematic of an electrocatalyst formed 
using a method according to the present invention. The car 
bon particle 20 Supports well dispersed platinum nanopar 
ticles (or other metal or alloy particles) 22 over the surface of 
the carbon Support material. The organometallic photocata 
lyst 24 (indicated as non-circular patches on the Surface of the 
support material) may be pre-absorbed on the surface of the 
carbon Support, and the photocatalyst then used to seed the 
formation of the metal particles from a mixture containing a 
metal precursor compound and reductant under illumination. 
Using methods according to the present invention, the metal 
particles are better dispersed over the surface of the support 
material, and have a more uniform size distribution. 
0033 FIG. 1C illustrates how the organic precursor is 
converted to new carbon Support material, for example at 34 
on the surface of the carbon support 30, this having a metal 
cluster 32 supported thereon. 

Photocatalysts 

0034 Photocatalysts which may be used include one or 
more porphyrins (such as metal porphyrins or free base por 
phyrin), or other organometallic materials. Preferably, the 
photocatalyst yields along-lived excited triplet State on expo 
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Sure to visible or UV light and gives a radical anion or cation 
by interaction with the reductant. 
0035 Platinum particles are formed in the presence of 
photocatalysts, such as tin-porphyrin, under illumination by 
UV or visible light by reduction of platinum precursor com 
pounds. 
0036 Photocatalytic methods of platinum nanostructure 
formation are described in detail in Y. J. Song, Y. Yang, C. 
Medforth, E. Pereira, A. K. Singh, H. Xu, Y. Jiang, C. J. 
Brinker, F. van Swol. J. A. Shelnutt, “Controlled Synthesis of 
2-D and 3-D Platinum Particles Using Porphyrin Photocata 
lysts”, Journal of the American Chemical Society, 126(2), 
635-645, 2004. Further details are described in U.S. Pat. Nos. 
6,627,048 to Shelnutt et al. and 4,568,435 to Shelnutt. As 
described therein, tin porphyrinandantimony porphyrin were 
used to reduce metal ions to metals through a photoinduced 
reaction. Metal precursors included metal nitrates and metal 
chlorides, metal compounds including compounds of ura 
nium, mercury, copper, lead, gold, silver, or platinum. Reduc 
tants included ethylenediaminetetraaceticacid, triethylamine, 
triethanolamine, and sodium nitrite. Examples described 
therein may be used in embodiments of the present invention. 
0037. The photocatalyst-based method gives well con 
trolled size and uniformity to the formed platinum particles. 
0038. The photocatalyst can act as an initiator for the 
growth of Small metal particles, providing a precise method 
for producing a large initial concentration of seeds. This leads 
to well-controlled size and uniformity of the metal particles, 
such as platinum particles. In some embodiments of the 
present invention, the photocatalyst may be dispersed over an 
electrically conducting Support material, and used to photo 
catalyze formation of metal particles onto the Support mate 
rial. 

Illumination 

0039. The illumination step may include exposure to vis 
ible and/or UV light, or other radiation. The illuminated mix 
ture may be agitated for even illumination of mixture com 
ponents. Optical components, such as fibers, may be used to 
introduce illumination into the bulk of a mixture. The mixture 
may further include phosphors or other light-emitting ele 
ments, with light emission stimulated by an external energy 
SOUC. 

Reductants 

0040 Reductants which may be used include hydro 
quinone, ascorbic acid (including all salts such as sodium 
ascorbate), and other reductants known in the art. 

Metal Precursors 

0041 Metal precursors are the metal compounds that are 
photocatalytically reduced, and may include one or more of 
the following metal atoms: Pt, Sn, Fe, Co, Cr, Ni, Nb, V. Mo, 
Mn, Pd, Ru, Zr, Ir, Rh, or V. Alloy particles may be formed by 
using a corresponding mixture of metal precursors. 
0042. For example, a cobalt compound and platinum com 
pound may both be catalytically reduced to form a platinum 
cobalt alloy particle, and the alloy composition controlled by 
the ratio of the metal precursor compounds. In representative 
examples, metal particles may include alloys of platinum and 
at least one metal from the group consisting of Fe, Co, Pd, and 
Ni. 

Jan. 30, 2014 

Support Materials 

0043. The support material may be carbon or other elec 
trically conducting material Such as an electron-conducting 
polymer, Such as polymer having an electron-delocalized 
backbone. The Support material may be particulate, a sheet, 
web, fibrous, or other form as desired. The support material, 
such as carbon black or other form of carbon, may be a 
commercial product, and may further be treated with ammo 
nia or other gas prior to use. 
0044 Examples of the present invention include two 
approaches to locating the metal particles on the Surface of the 
Support material, firstly an in situ approach where metal par 
ticles are prepared in the presence of the Support material, and 
secondly a “separated method where metal particles are 
prepared separately from the Support material, and then 
adsorbed onto the Support material. 

In Situ Preparation 

0045 Illustrative approaches to in situ preparation are now 
described, in which the photocatalyst is located on the surface 
of the Support material, and the metal particles form in situ on 
the Surface of the Support material. 
0046. In a first approach, photocatalytic molecules are 
dispersed on the surface of a carbon support. Under visible/ 
UV light, the carbon support is mixed in solution with a metal 
precursor and a reductant. Alternatively, the metal precursor 
may be added dropwise. The resulting suspension is filtered 
to obtain a solid material, and the solid material is then dried 
to obtain a final product. 
0047. In a second in situ preparation method, molecules of 
the photocatalytic material are dispersed on the Surface of a 
carbon support. Under visible/UV light, the carbon support is 
mixed in solution with the metal precursor and reductant. 
Alternatively the metal precursor is added dropwise. The 
suspension is filtered to obtain a solid material. The solid 
material is then dispersed into a solution, for example in 
chloroform, to dissolve organic components such as porphy 
rin. The Suspension is filtered again to obtain a second solid 
material, and this second solid is then dried to obtain the final 
product. 
0048. In a further in situ preparation, a solid material is 
obtained by filtering a Suspension, as in the first method 
described above. The solid material is then heated in a pyroly 
sis method under ammonia or other gas to convert any 
residual organic materials to inorganic materials. For 
example, organic components (e.g. of the photocatalyst) may 
be converted to carbon by pyrolysis, and this carbon is added 
to the Support material. 
0049. In the in situ preparation approach, the photocata 
lyst is highly dispersed on the Surface of the Support material, 
which may be carbon black. An impregnation method may be 
used. The carbon support can then be exposed to visible/UV 
light and a solution including at least one metal precursors 
and at least one reductant. 

0050. A further treatment to the final product may be used 
to eliminate solvents and impurities. The concentration of 
metal, reaction time, and temperature can be controlled to 
obtain highly dispersed nanosized metal or alloy particles on 
the carbon Support material. Further parameters which may 
be adjusted include photon absorption efficiency and the dis 
persion and amount of the photocatalyst. 
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“Separate' preparation method 
0051. The metal particles may be formed on the photo 
catalyst under visible/UV light, in a mixture including one or 
more metal precursors, a reductant, and the photocatalyst. 
The metal particles are formed prior to the introduction of the 
support material to the mixture. The formed metal particles 
are then dispersed on the Surface of the carbon Support. As 
above, a further treatment to the final product may be used to 
eliminate solvents and other impurities. Parameters, such as 
photocatalyst concentration, metal precursor concentration, 
reductant concentration, illumination time, and temperature 
can be controlled in order to obtain highly dispersed, nano 
sized metal or alloy particles. 
0.052 In one approach, a mixture (for example, a Suspen 
sion or solution) is provided including one or more of each of 
the following: a metal compound (metal precursor that is 
Subsequently reduced to metal), a reductant (reductant), and a 
photocatalyst. The mixture is illuminated, exposed to visible 
and/or UV light. The metal precursors can be added dropwise. 
Metal particles are formed by reduction of the metal com 
pounds, and the resulting Suspension of metal particles is 
mixed with a second Suspension comprising the Support 
material, forming a Suspension including the Support mate 
rial, the metal particles, and the photocatalyst. The second 
Suspension may be a Suspension of carbon particles. This 
combined suspension is then filtered to obtain a solid mate 
rial, in which the Support material becomes a Support for the 
metal particles, and the solid is then dried to obtain the final 
product. Pyrolysis can be used to convert any residual organic 
materials to carbon. 

0053 A second approach is now described. Under visible/ 
UV light, a metal precursor, reductant, and photocatalyst are 
mixed to form a Suspension/solution. The metal precursors 
may be added dropwise. This Suspension is mixed with a 
second Suspension including the carbon Support to form a 
new suspension. The new Suspension is then filtered to obtain 
a solid material. So far this method is similar to that of the first 
separate method. The Solid material is then dispersed in a 
Solution, such as in chloroform, to dissolve organic com 
pounds such as porphyrin. This suspension is then filtered to 
obtain a new solid material. The new solid material is then 
dried to obtain the final product. 
0054. A third approach is now described. This preparation 
method is similar to the first approach described above. How 
ever the solid material obtained by filtering the suspension is 
then Subjected to a heat treatment, Such as pyrolysis, for 
example under ammonia or other gas to form a final product 
that is an entirely inorganic material in which organic com 
ponents have been converted to carbon. 

Pyrolysis 

0055. The electrocatalyst can include organic-inorganic 
hybrid materials, such as the photocatalyst used to seed the 
metal particle formation, and can be used in a fuel cell as long 
as the presence of the organic compound does not degrade 
fuel cell performance. However, a further thermal treatment 
Such as pyrolysis can be used to convert organic components 
into carbon, the carbon effectively becoming additional Sup 
port material for the metal particles. The thermal method 
forms structural catalytic sites on the Surface of the carbon, as 
illustrated below: 
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Scheme I 

0056 Scheme I above illustrates the formation of iron 
nitrogen centers formed on a carbon Support material using a 
pyrolysis method. Such metal sites are catalytically active for 
the oxygen reduction reaction (ORR), for example as shown 
by Anders Widelöv, “Pyrolysis of iron and cobalt porphyrins 
sublimated onto the surface of carbon black as a method to 
prepare catalysts for O. reduction’, Electrochimica Acta, 
2493-2502,38(17) (1993), and in Lefevre, M., Dodelet, J. P. 
Bertrand, P., “0-2 Reduction in PEM Fuel Cells: Activity and 
Active Site Structural Information for Catalysts Obtained by 
the Pyrolysis at High Temperature of Fe Precursors”,Journal 
of Physical Chemistry, B104, 11238-11247 (2000). 
0057 Structural catalytic active sites can be formed by 
pyrolysis of one or more metal organometallic compounds, 
Such as metalloporphyrins, on a carbon Support or other Sup 
port material. Scheme I only shows iron (Fe) present, but one 
or more metal species may be used. Such as Pt, Sn, Fe, Co, Cr, 
Ni, Nb, V. Mo, Mn, Pd, Ru, Zr, Ir, Rh, or V. 
0.058 Hence, metalloporphyrins, such as tin porphyrin, 
may be used as photocatalysts, and then a heat treatment Such 
as pyrolysis used to produce catalytic sites on the Surface of 
the Support material. These catalytic sites may be used for 
oxygen reduction, for example in a fuel cell application. 
Alternatively, metal porphyrins or their homo- or hetero 
aggregates may be used primarily as a photocatalyst, and 
another used primarily for formation of metal macrocycles on 
the Surface of a Support material. 
0059 Pyrolysis may occur under an atmosphere such as 
ammonia or nitrogen. Other metal particles may be deposited 
on the surface of the support, either prior to or after the 
pyrolysis step. One or more species of metalloporphyrins 
may be used, for example for photocatalysis-based formation 
of metal particles, and/or for production of catalysts for oxy 
gen reduction. The term porphyrin, as used herein unless 
otherwise indicated, is not limited to the 20 carbon organic 
moiety but also includes porphyrin derivatives and related 
macrocyclic compounds. 

EXAMPLES 

0060. In examples below, platinum particles (dendrites) 
were deposited on carbon black particles. However, the gen 
eral approach may be applied to other metal particles on other 
Support materials. 
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Example 1 

Deposition of SnOEP on Carbon Black 
0061 Unlike chemical and photochemical reductions, a 
single photocatalyst can repeatedly reduce many metal cat 
ions to metal atoms, which can be deposited in the vicinity of 
the photocatalyst to form nanostructures. Hence, to grow 
platinum nanoparticles well dispersed on carbon black using 
an in-situ photocatalytic method, the first issue is how to 
evenly locate the photocatalyst molecules (in this example 
SnOEP, Sn(IV) octaethylporphyrin dichloride) on carbon 
black. 
0062. The carbon black used was hydrophobic and was 
difficult to suspend in water even after 5 minutes of mild 
Sonication. However, the carbon black was readily suspended 
in chloroform. Given that SnOEP is also hydrophobic and can 
be readily dissolved in chloroform, the carbon black and 
SnOEP were both dissolved in chloroform, and then the sol 
vent was slowly evaporated, making the dissolved SnOEP 
molecules deposit on the carbon black. 
0063. Using this evaporation method, SnOEP was suc 
cessfully deposited on carbon black, which is ready for use in 
growing platinum nanostructures in situ. The distribution of 
platinum nanoparticles on carbon black discussed in Example 
2 below (e.g. FIG.3A) suggests that SnOEP is well dispersed 
on carbon black. 

Example 2 

Growing Pt particles on carbon black 

0064. The photocatalytic method has been used to control 
the size and uniformity of platinum nanoparticles grown on 
Surfactants, using ascorbic acid to reduce a platinum complex 
under tungsten light irradiation. In this example, platinum 
nanostructures were grown on carbon black, with size and 
uniformity control using the photocatalytic method. 
0065. Eighty minutes illumination of a stirred aqueous 
mixture (20 mL) containing SnOEP (0.4 mg) deposited on 
carbon black (10 mg) (prepared by the evaporation method), 
platinum complex (10 mM) and ascorbic acid (75 mM) led to 
a black slurry. When stirring was discontinued, a black pre 
cipitate settled to the bottom of the reaction vessel, and the 
Supernatant was colorless and transparent. This suggests that 
the reaction is complete since the original color of the Pt 
complex is yellow. The colorless Supernatant also indicates 
that most of the nanostructured Pt is associated with the 
carbon black. 
0066 FIGS. 2A and 2B are TEM images of platinum 
nanoparticles growing on carbon black at a low (a) and high 
(b) magnification (20 mL aqueous reaction mixture in 25 mL 
glass reaction vessel, 10 mg carbon black, 0.4 mg. SnOEP or 
SnOEP=27.7 uM, KPtC1 = 10 mM, AA=75 mM). 
0067 Globular platinum dendrites were observed, and all 
the platinum dendrites were attached to carbon black, as 
shown in FIGS. 2A and 2B. The shape of the Pt nanoparticles 
matches the curvature of the carbon Surface, indicating that 
the nanoparticles are grown on the carbon rather than attach 
ing to the carbon after formation. There may be chemical 
connections between the Pt and carbon which enhance the 
stability of an electrocatalyst, and which would be desirable 
for fuel cell applications. 
0068. The product contains various sizes of nanoparticles 
ranging from 2-3 nm particles (embryonic particle) to large 
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dendrites up to 70 nm in diameter (FIGS. 2A and 2B). The 
wide size distribution suggests that the photocatalytic reac 
tion does not function as well in controlling size and unifor 
mity as in the separated approach. Most likely, under the 
conditions used the carbon black absorbs most of the light and 
the tin (IV) porphyrin cannot efficiently sensitize the Pt 
growth reaction. 
0069 FIGS. 3A and 3B show TEM images of platinum 
nanoparticles grown on carbon black at a low (A) and high (B) 
magnification. (20 mL aqueous reaction mixture in 25 mL 
glass reaction vessel, 10 mg carbon black, 0.4 mg. SnOEP or 
SnOEP=27.7 uM, KPtCl2 mM, AA=75 mM). At a 
lower concentration of platinum complex, corresponding to 
45% platinum loading (weight) on carbon, the nanoparticles 
have a smaller average diameter but still show a wide size 
distribution as shown in FIGS. 3A and 3B. 
0070. In this method for growing platinum nanoparticles 
on carbon black, all the platinum as prepared was associated 
with carbon black and was well dispersed. 

Example 3 

Effect of Titration Method on Pt Particle Formation 

0071. A two-step titration of platinum complex led to the 
size reduction of Pt particles on carbon black. To reduce the 
average size, the platinum complex stock Solution, which can 
provide a 45 wt % Pt loading on carbon, was reduced on 
carbon black by two-step addition of the Pt complex to the 
reaction vessel. 
(0072 10.2 mg of CB, 1.1 mL of 20 mM KPtCl and 8.9 
mL of water were added to a 25-mL glass vial and Sonicated 
for five minutes. 10 mL of 0.15 MAA was then added and the 
reaction mixture was illuminated for 30 minutes under stir 
ring. The obtained black slurry was then centrifuged and the 
Supernatant was removed. The black precipitates were 
washed five times, each time with 20 mL of Nanopure water. 
The cleaned precipitate was dried in oven at 65°C. overnight. 
The powder was then added to a clean glass vial. 1.1 mL of 20 
mMK-PtCl and 8.9 mL of water was added and the mixture 
was sonicated for 5 minutes. 10 mL of 0.15 MAA was added 
and the mixture was stirred and illuminated for 30 minutes. 
0073 FIG. 4A shows TEM image of platinum nanopar 
ticles synthesized using titration method (25 mL glass vial, 
10.2 mg carbon black, SnOEP=OuM, KPtCl2 mM, 
AA=75 mM), whereas FIG. 4B shows a TEM image of 
platinum nanoparticles prepared using the previous method 
(25 mL glass vial, 11 mg carbon black, K-PtCl2 mM, 
AA=75 mM). 
0074 The average size of the Pt particles (FIG. 4A) pre 
pared using a titration method appears to be smaller than that 
of particles prepared using the previous method (FIG. 4B). 
0075. The titration method may be viewed as a seeding 
method. Namely, the first addition of the metal source led to 
the formation of platinum seeds, which then autocatalytically 
grew into larger nanostructures as the second half of the 
platinum complex was added. The size reduction of the titra 
tion method may be due to one or more of the following 
factors: the low concentration of the platinum complex might 
help form more nucleation sites and simultaneously suppress 
the autocatalytic growth of each nucleation site; the nucle 
ation sites formed during the first titration might somehow 
lose autocatalytic property due to the removal of species 
during cleaning method, such as Cl or oxidized AA, which 
may be important for autocatalytic growth of the particles; or 
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the autocatalytic property of the particles on carbon black is 
not as good as those of the unsupported ones. However, the 
exact mechanism is unclear. 

Example 4 

Effect of Different Reductants on the Synthesis of 
Platinum Nanoparticles on Carbon Black 

0076. In the previous examples, ascorbic acid was used as 
the reductant to synthesize platinum nanostructures on car 
bon. Herein, the synthetic systems are extended to use two 
alternative reductants (NaBH and NH NH). Unlike 
ascorbic acid, these strong reductants rapidly reduce the Pt 
complex, and the reaction may be too fast for photocatalytic 
control, leading to non-dendritic growth and less uniform 
particle sizes. 

0077 10 mg carbon black and 10 mL of aged 2 mM 
K-PtCl4 adueous solution were added to a 25-mL glass vial, 
followed by sonication for 5 minutes to allow the suspension 
of carbon black in the mixture. The addition of 10 mL of 150 
mMascorbic acid, sodium borohydride, or hydrazine led to a 
black slurry under illumination and stirring for 30 minutes. 
After discontinuation of the stirring, a black precipitate and 
colorless Supernatant were observed, indicating that the 
reduction was complete. 
0078. When 75 mM of ascorbic acid was used as the 
reductant, most of the platinum nanoparticles were grown on 
carbon black as shown in FIG. 5A. FIG. 5B more clearly 
shows that the particles have a size distribution including 2-3 
nm particles and larger particles up to 35 nm in diameter. As 
the same concentration of Sodium borohydride was used in 
the synthesis, similarly almost all of the platinum has been 
reduced on carbon. However, the resultant nano-scaled plati 
num particles are not Pt dendrites, and have less regular 
shapes and a have wider size distribution in the range from 2 
to 50 nm (FIGS. 5C and 5D). Using hydrazine as the reduc 
tant, only large platinum nanospheres with a diameter of 
about 500 nm were obtained, as shown in FIGS.5E and SF. It 
is uncertain whether the nanospheres were grown on carbon 
Or not. 

0079 Taking into account of the size and shape control of 
the nanostructured platinum, the photocatalytic reaction sys 
tem of ascorbic acid, tetrachloroplatinate potassium and car 
bon black is preferred. Ascorbic acid may play a role for the 
formation of platinum nanoparticles. Such as encouraging 
dendritic growth via a weak surface interaction with the plati 
num. The structure of ascorbic acid does not contain a strong 
ligation atom, such as nitrogen atoms in hydrazine. 
0080. In summary, FIGS. 5A-5F show TEM images of 
platinum nanostructures synthesized using various reductants 
on carbon black. (A) and (B) with ascorbic acid (25 mL glass 
vial, 11 mg carbon black, K-PtCl2 mM, AA=75 mM); 
(C) and (D) with NaBH (25-mL glass vial, 11 mg carbon 
black, K-PtCl=2 mM, NaBH4–75 mM); (E) and (F) with 
NH, NH. (25 mL glass vial, 9 mg carbon black, KPtCl 
=2 mM, N2H4–75 mM). All these reductants can be suc 
cessfully used to reduce the platinum complex, but it appears 
that ascorbic acid gives the best size and shape control, espe 
cially when a photocatalyst is employed. 
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Example 5 

Surfactant Effect on Fuel Cell Performance of 
Globular Platinum Nanoparticles Grown on Carbon 

Black 

I0081. It has been shown that a high concentration of 
SnOEP dissolved in SDS micelles leads to increased size 
reduction in the platinum nanoparticles due to a better light 
absorbance by the large amount of SnOEP on the surface. In 
other words, use of a surfactant provides a promising avenue 
to overcome the light absorbance issue introduced by the 
presence of carbon black. However, it was not yet clear 
whether the presence of SDS has any influence on the fuel cell 
performance of the as-prepared platinum particles. The fol 
lowing focuses on the SDS effect on fuel cell performance. 
I0082 100mg of carbon black was added to 100 mL of 0.15 
Mascorbic acid aqueous solution and the mixture was soni 
cated for 10 minutes to suspend the carbon black. 22 mL of 20 
mMaged K-PtClaqueous salt and 78 mL of water were then 
added. The mixture was stirred and illuminated with a dual 
light Source for 1 hour. After discontinuation of the stirring, 
colorless Supernatant and black precipitate at the bottom of 
the reaction vessel were observed. The supernatant was 
mechanically removed. The remaining black slurry was then 
transferred into two 45 mL centrifuge tubes. To each tube was 
added 50 mL Nanopure water, followed by vortexing at 3500 
RPM for 10 minutes and centrifugation at 3500 RPM for two 
minutes to precipitate out the products. Again, the 45 mL of 
Supernatant was removed. This purification method was 
repeated for each tube for 5 times. The obtained products 
were then left in an oven at 65°C. to dry overnight. The total 
weight of the dried product was 0.186 g. 
I0083 Membrane electrode assemblies (MEAs) were pre 
pared using the above catalyst, 45 wt % platinum nanopar 
ticles grown on carbon black, with and without the subse 
quent addition of SDS to the electrode ink. This procedure 
gives the same type and concentration of Pt particles on the 
surface, and determines the effect of surfactant applied after 
the particles are grown. 
0084. The electrode ink for one side of an electrode con 
sisted of 16.7 mg of the catalyst (45 wt % platinum nano 
structures on carbon black); 133 mg Nafion solution (Aldrich, 
5 wt % Nafion); 600 mg 18 MS2 water; 500 mg reagent grade 
isopropyl alcohol; and 0 or 13.8 mg (40 mM) SDS for SDS 
free and SDS containing electrode, respectively. 
0085. The electrode ink was sonicated for 20-30 seconds 
to disperse the catalyst particles, and then the ink was brush 
painted onto a Nafion 112 membrane, which was held flat on 
a vacuum hot plate at 60°C. This method resulted in a plati 
num loading of approximately 1 mg/cm on one side of the 
electrode after accounting for waste. The other side of the 
electrode was painted using the same recipe and procedure. 
After drying, the two MEAS (with and without SDS) were put 
into the standard fuel cell test hardware (Fuel Cell Technolo 
gies) with SGL 21 BC carbon paper as gas diffusion and 
backing layers. 
I0086. The MEAs were hydrated under hydrogen (anode) 
and nitrogen (cathode) at 25° C. and 100% RH for 2 hours. 
Cyclic Voltammagrams were acquired to obtain a qualitative 
measurement of the electrochemically active Surface area 
(ECA) of both the SDS free electrode and the SDS containing 
electrode. 
0087 FIGS. 6 and 7 show initial CVs of the non-SDS and 
SDS electrode, respectively. FIG. 6 shows CV curves of a 
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non-SDS Pt electrode before and after break-in and perfor 
mance testing, and FIG. 7 shows CV curves a of 40 mMSDS 
Pt electrode before and after break-in and performance test 
ing. Comparing the two curves, the peak current of the SDS 
electrode is much smaller than that of the SDS free electrode, 
0.03 versus 0.1 A. After the initial CV at 25°C., each cell was 
heated to 80° C. and 100% RH. 
I0088. For the SDS-free cell, a voltage of 0.5V was drawn 
and the current over time was recorded to measure the break 
in behavior of this cell. FIG. 8 shows the break-in curve at 0.5 
V for the SDS-free cell. The current initially increases and 
then begins to slowly decline over the course of the test. This 
slow decline is common in brush-painted electrodes without 
heat treatment. For the platinum particles grown on carbon 
black, heat treatment can be used to stabilize the performance 
of the electrode. At any rate, the performance of this cell, 
approximately 1300 mA/cm at 0.5V, is reasonable good for 
this unoptimized MEA preparation. 
I0089 FIG.9 shows the break-in curve with a 0.1 V applied 
potential for the SDS-containing electrode. The low potential 
was required in this case because the performance of this 
electrode was so low. In fact, the open circuit Voltage of this 
cell was just over 0.5 V when the break-in began. If the cell 
was broken in at a higher voltage than 0.1 V, no current would 
be produced. 
0090. As can be seen in FIG.9, the current density at 0.1 V 
slowly increased over the course of the 21 hour test. This is 
probably an indication of the SDS containing electrode clean 
ing itself during fuel cell operation. The mode of cleaning 
remains unknown, but it is likely that the SDS was slowly 
oxidized at platinum reaction sites over time. 
0091. The performance of each cell after the break-in 
period is shown in FIG. 10. The SDS containing cell clearly 
had much lower performance than the SDS-free cell, which 
was suggested by their slow break-in behavior. 
0092 Cyclic voltammetry was performed after the break 
in and performance test of each cell. In the case of the SDS 
free cell, the ECA declined after break-in period and the 
performance test as is reflected by the lower peak current in 
the low voltage region of the CV. The slightly declining 
performance of the cell during break in is consistent with this 
observation. From a qualitative standpoint, the ECA of the 
SDS containing cell increased (higher peak currents) after the 
break-in and performance test period. This result might be 
expected if there was a cleaning method of the SDS contain 
ing electrode during the break-in period. The results show that 
40-mMSDS in the electrode ink had a detrimental effect on 
the performance of the cell. The SDS containing cell perfor 
mance was indicative of a contaminated platinum Surface, 
presumably by the SDS surfactant. Some cleaning of the 
catalyst Surface occurred during break-in and performance 
test, as evidenced by the increase of ECA during the course of 
test. However, the performance of the SDS-containing cell 
never approached that of the SDS-free cell. The ECA of the 
SDS-free cell decreased slightly during the test, which is 
typical of a non-heat-treated MEA. 

Example 6 

Investigation of Pt—C Interfacial Interactions 
0093 Globular platinum particles were grown on carbon 
black. A typical TEM image shows (FIG. 11A) that the par 
ticles match the curvature of Supporting carbon black, indi 
cating the formation of chemical bonding at the Pt C inter 
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face. The chemical bonding between nanostructured 
platinum and its supporting carbon black may be significant 
for fuel cell applications in that the bonding can slow down 
the degradation of the electrocatalyst and elongate its dura 
bility in fuel cell applications. Further studies were made of 
the Pt C interface. 
0094 Platinum particles grown on carbon black were 
separated by centrifugation at 3000 rpm for 2 minutes, fol 
lowed by removal of the supernatant, addition of fresh nan 
opure water and re-suspension of the products by mild Soni 
cation. This procedure was repeated for three times to be 
certain that all the by products were removed. The cleaned 
materials were dried in oven at 65° C. for overnight before 
XPS measurements. 
0.095 FIG. 11B shows a doublet peak containing a low 
energy band (4f7/2) at 71.9 eV, and a high-energy band (4 f5/ 
2) centering at 3.3 eV higher. The two broadbands could be 
curve-fitted to two pairs of Ptaf peaks at 72.0, 75.4 and at 
73.6, 77.5 eV, respectively. They all have a spin-orbit splitting 
of the 4f7/2 and 4f 5/2 states. There are therefore two different 
Pt oxidation states, namely, Pt (O) and Pt (>0), each contrib 
uting to two peaks in the resultant XPS spectrum. This could 
indicate chemical bonding at Pt C interface, but may also 
arise from Pt -O bonding. 
(0096 FIG. 12A is a HRTEM image that shows atomic 
fringing of platinum starts forming right at the carbon Surface, 
and there might be some difference between Pt—C interface 
and bulk crystalline platinum in the fringing. FIG.12B shows 
a STEM image, in which the lightness is related to the elec 
tron density. For a selected square Pt C interface, the cor 
responding density profile clearly shows a density transition 
at the Pt—C interface, rather than a sudden jump. This indi 
cates that there is a Substance or compound at the interface 
with an electron density larger than carbon and less than pure 
platinum. However, these results may also arise from the 
formation of Pt-O bonds. Taken together, the results suggest 
there is chemical bonding at the Pt—C interface. 

Other Examples and Alternatives 
0097. Other preparation examples may include exposing a 
carbon Support, radical anion, and metal precursors without 
the presence of photocatalysts. Electrocatalysts prepared 
according to the present invention may be organic-inorganic 
hybrid materials, or inorganic materials. In the former case, 
the organic components will not affect electron conductivity, 
proton passage, or absorption of gas molecules on catalysts, 
and gas diffusion. The electrocatalysts produced by methods 
according to the present invention may also include carbon 
material formed from organic components through pyrolysis. 
0098. In other examples, a photocatalyst is not used. For 
example, the preparation may involve a carbon Support mate 
rial, one or more radical anion, and one or more metal pre 
cursors without the use of a photocatalyst. Other reduction 
initiators, such as other catalysts, may be dispersed over the 
surface of the support material to seed the growth of metal 
particles on the Surface. 
0099 Examples described include electrocatalysts for 
fuel cells. However, the invention also relates to other appa 
ratus comprising metal particles formed on a Support layer. 
For example, optical, electronic, and photonic devices may be 
made using analogous methods. 
0100. The invention is not restricted to the illustrative 
examples described above. Examples are not intended as 
limitations on the scope of the invention. Methods, apparatus, 



US 2014/0031193 A1 

compositions, and the like described herein are exemplary 
and not intended as limitations on the scope of the invention. 
Changes therein and other uses will occur to those skilled in 
the art. The scope of the invention is defined by the scope of 
the claims. 
0101 Patents, patent applications, or publications men 
tioned in this specification are incorporated herein by refer 
ence to the same extent as if each individual document was 
specifically and individually indicated to be incorporated by 
reference. In particular, U.S. Provisional Patent Application 
Ser. No. 60/643,283, filed Jan. 12, 2005, is incorporated 
herein by reference. 

Having described our invention, we claim: 
1. An electrocatalyst, comprising: 
a Support material comprising electron-conducting par 

ticles; and 
platinum-containing particles that are reduced and dis 

posed on a surface of the Support material, the platinum 
containing particles having a median diameter of less 
than 100 nm. 

2. The electrocatalyst of claim 1, wherein the platinum 
containing particles have a median diameter of between 
approximately 2 nm and approximately 50 nm. 
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3. The electrocatalyst of claim 1, wherein the platinum 
containing particles are platinum alloy particles. 

4. The electrocatalyst of claim 1, wherein the support mate 
rial comprises carbon. 

5. The electrocatalyst of claim 4, wherein the platinum 
alloy particles comprise platinum and at least one metal 
selected from the group of metals consisting of Sn, Fe, Co, Cr, 
Ni, Nb, V. Mo, Mn, Pd, Ru, Zr, Ir, Rh, or V. 

6. An electrocatalyst, comprising: 
a Support material comprising electron-conducting par 

ticles; and 
platinum alloy particles that are reduced and disposed on a 

Surface of the Support material, the platinum alloy par 
ticles having a median diameter of less than 100 nm. 

7. The electrocatalyst of claim 6, wherein the platinum 
containing particles have a median diameter of between 
approximately 2 nm and approximately 50 nm. 

8. The electrocatalyst of claim 6, wherein the support mate 
rial comprises carbon. 

9. The electrocatalyst of claim 6, wherein the platinum 
alloy particles comprise platinum and at least one metal 
selected from the group of metals consisting of Sn, Fe, Co, Cr, 
Ni, Nb, V. Mo, Mn, Pd, Ru, Zr, Ir, Rh, or V. 
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