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Objectives

We are interested in developing the scientific 
principles to control catalysis and electrocatalysis on the 
nanoscale.  We seek to design interfaces and electrodes 
using nanoscience to permit; (1) highly efficient and 
robust catalyst utilization, (2) fundamental investigations 
of the key reaction steps which are relevant to fuel-
forming and fuel-cell reactions, and (3) a route away 
from precious metal catalysts.  We approach this 
problem using carbon single-walled nanotubes (SWNTs) 
as tunable supports for catalytic species.  Thus, we 
also seek to understand the materials chemistry issues 
associated with building functional assemblies with 
SWNTs. 

Technical Barriers

Current carbon support materials in proton 
exchange membrane fuel cells (PEMFCS) suffer from 
poor corrosion resistance and high series resistance 
such that the activity of the catalyst and its utilization 
are compromised over time.  The physicochemical 
properties of electrocatalysts supported on carbon 
nanotubes are strongly influenced by the intrinsic 
properties of the nanotube support.  The tunable control 
over the nanoscale structure of carbon nanotubes 
provides a unique perspective for studying, controlling, 
and enhancing the performance of the catalyst/support 
interaction.  We expect fuel cell electrodes with 
improved stability, reduced requirements for precious 
metals, and the potential for fuel cell architectures which 
may be more readily manufactured.

Abstract

Carbon SWNTs are attractive materials for 
supporting electrocatalysts.  The properties of SWNTs 
are highly tunable and controlled by the nanotube’s 
circumferential periodicity1 and their surface chemistry.2  
These unique characteristics suggest that architectures 
constructed from these types of carbon support materials 
would exhibit interesting and useful properties.3-5  Here, 
we expect that the structure of the carbon nanotube 
support will play a major role in stabilizing metal 
electrocatalysts under extreme operating conditions 
and suppress both catalyst and support degradation.  
Furthermore, the chemical modification of the carbon 
nanotube surfaces can be expected to alter the interface 
between the catalyst and support, thus, enhancing 
the activity and utilization of the electrocatalysts.  We 
plan to incorporate discrete reaction sites into the 
carbon nanotube lattice to create intimate electrical 
contacts with the catalyst particles to increase the metal 
catalyst activity and utilization.  The work involves 
materials synthesis, design of electrode architectures 
on the nanoscale, control of the electronic, ionic, and 
mass fluxes, and use of advanced optical spectroscopy 
techniques. 

Progress Report

In past years this project has been directed at the 
growth of nanomaterials for adsorbents and membranes 
for gas separations and has provided the scientific 
underpinnings for our EERE-funded work in the area of 
hydrogen storage.  Through these efforts we discovered 
unique synthetic and purification methods for pure and 
doped nanotubes, investigated the defect chemistry of 
nanotubes, studied the interaction between SWNTs 
and Nafion®, and developed methods to disperse 
catalytic particles onto nanotubes (please see the list 
of publications and patents which have come from this 
support).  With these advances in-hand we now turn our 
attention directly to the scientific issues associated with 
catalysis in fuel-forming and fuel-cell reactions. 

An increase in the Pt catalyst utilization efficiency 
(currently less than 30%)4 would dramatically decrease 
the amount of catalyst needed in current PEMFCs.  
To effectively utilize the Pt catalyst in a PEMFC, the 
catalyst must have simultaneous access to the gas, the 
electron conducting medium, and the proton conducting 
medium.  Typically, the catalyst layer for a conventional 
Pt-catalyzed fuel cell is prepared by an ink-process.6   
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Here, Pt-supported carbon particles are blended with 
Nafion in order to allow for the simultaneous access 
of the Pt catalyst to the electron conducting and 
proton conducting media. A common issue with this 
conventional blending process has been that the proton 
transport material, Nafion®, tends to isolate the carbon 
support particles in the catalyst layer, leading to poor 
electron transport throughout the cell. The use of 
SWNT-supported electrocatalysts in PEMFCs has the 
potential to eliminate this problem and improve the 
utilization efficiency of the electrocatalyst. 

Preliminary results (Figure 1) show that the current 
associated with oxygen reduction on the Pt/SWNT 
electrodes with 6 µg/cm2 of Pt is only 20% lower than 
the current for the Pt/SWNT electrode with 18 µg/cm2 

of Pt. This result suggests that the Pt/ SWNT interaction 
has a pronounced affect on the kinetics of the oxygen 
reduction reaction.  In addition, relatively small amounts 
of Pt catalyst particles allowed for excellent current 
densities due to the high surface area and porosity of 
the SWNT thin films. A variety of Pt particle growth 
parameters and SWNT thin film processing parameters 
will be systematically investigated to maximize the Pt 
utilization efficiency and corrosion resistance with 
respect to the Pt/SWNT electrodes shown in Figure 1. 

The SWNT supports in Figure 1 were synthesized 
using a thin film preparation method developed in our 
laboratory.  Transparent, optically homogeneous, and 
electrically conducting films of SWNTs were fabricated 
using surfactant solubilized SWNT solutions.  The 
solutions were filtered and the films washed with 

Figure 1.  Polarization curves for the oxygen reduction reaction at thin 
film Pt/SWNT electrodes with different Pt loadings (1M sulfuric acid, 
saturated with oxygen, and sweep rate 5 mV/s). The Pt nanoparticles 
were directly deposited onto the SWNT thin films using a vacuum 
sputtering technique. The total amount of Pt was determined from a 
quartz crystal thickness monitor in the vacuum chamber. 

copious amounts of water in order to remove excess 
surfactant molecules, leaving behind a matrix of high 
surface area carbon nanotubes.  Annealing the films in 
vacuum at high temperatures in order to induce or drive 
SWNT recrystallization can subsequently alter the pore 
size distribution in the matrix. These transparent carbon 
nanotube films were transferred directly to various 
substrates. Transmission electron microscopy, Raman 
spectroscopy, and optical absorption spectroscopy 
were used to investigate the topology and structure 
of the SWNT networks and the morphology and size 
distribution of the catalytic particles.  The organization 
within the SWNT networks was controlled by the 
surfactant used to solubilize the SWNTs. 

Future Directions 

Control over the physical dimensions, location, and 
intimacy of contact of the catalyst particles will be an 
important factor in the fabrication of SWNT-supported 
electrocatalysts with enhanced surface site availability.  
The chemical and surface properties of carbon 
nanotubes can be manipulated to affect the extent of 
the interaction between the catalyst and nanotube 
surface.  We will explore several methods to integrate 
electrocatalysts onto SWNTs and expect significant 
advantages over conventional incipient wetness or 
adsorption techniques.7 

Direct Synthesis of Pt/SWNT Materials: We 
will explore the in situ decoration of Pt nanoparticle 
catalysts on SWNTs during the high temperature growth 
of SWNTs by arc-discharge and laser vaporization.  
The key advantage of our arc-discharge and laser 
vaporization syntheses over traditional processes for 
producing fuel cell catalysts is that these methods 
provide a one-step direct process to produce high 
surface area catalyst-supported materials of a known 
composition where the metal catalyst particles and 
SWNTs are in intimate contact. 

Enhanced Solution Phase Electrodeposition of 
Catalysts on SWNTs: Electrochemical techniques 
are extremely attractive for electrodepositing catalyst 
nanoparticles onto SWNT supports. Parameters such 
as deposition potential, time, and solution composition 
are explored to control growth rate, particle size, and 
number density.  Potential step chronoamperometric 
measurements coupled with high-resolution microscopy 
studies will be carried out to provide insights into 
the nucleation and growth mechanisms of the Pt 
nanoparticles on SWNTs.  Interestingly, the resting 
potential of the SWNTs is approximately 0.5 V vs. NHE 
which allows for the spontaneous deposition of certain 
metals onto the SWNT surfaces.  Additionally, we have 
discovered a novel reductive functionalization reaction 
which permits the deposition of homogeneous particle 
sizes as small as 1 nm. 
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Stabilization of Catalysts by Dopants in the modes, it will be possible to determine the SWNTs 
SWNT Supports: We have recently discovered new that are the most stable such that optimized electrodes 
catalysts for the laser synthesis of SWNTs which may be fabricated based on the type of SWNT (i.e., 
incorporate boron substitutionally into the lattice.8  The semiconducting or metallic). 
sp2-doped boron atoms are expected to serve as discrete 
reactive sites for the deposition of atomically disperse 
metals.  In addition, mild surface oxidation processes 
will be used to improve dispersion and distribution of 
metal nanoparticles on nanotube surfaces by providing 
nucleation sites for catalyst growth.  The active sites 
for catalyst adsorption will be controlled during the 
exposure of the SWNT supports to various purification/ 
oxidation processes. Both the substitutionally doped 
and oxidized SWNTs will provide trap sites for 
enhancing electrocatalyst stability. 

Optical Spectroscopy to Determine Electrode 
Degradation Pathways and Reactive Intermediates: 
The degradation of the nanotube support may be simply 
monitored with in situ Raman spectroscopy.  We have 
recently shown that the relative defect densities in 
SWNTs may be correlated with the Raman intensity 
of the SWNT D-band.9  Figure 2 shows the intensity 
ratio for the SWNT Raman D- and G-bands (D/G) 
for a purified sample that was annealed to 1,500 ˚C 
for varying times in the presence of ~1x10-5 torr H2O. 
A parallel TEM analysis revealed that this annealing 
process resulted in the gradual introduction of defects 
along the edges of the SWNT bundles. The D/G 
intensity ratio in Figure 2 increases with increasing 
anneal time, indicating more defects are added during 
the annealing process.  The rising D/G intensity is 
consistent with the idea that defects not only activate 
the observation of the SWNT D-band, but also that the 
intensity may be directly correlated with the number of 
defects present. This technique is highly sensitive and 
will allow for various nanotube electrodes to be rapidly 
evaluated for their stability.  By correlating increasing 
D/G ratios with the Raman SWNT radial breathing 

Figure 2.  Raman D/G intensity ratios of a purified SWNT sample that 
was annealed to 1,500 ˚C for varying time lengths in the presence of 1 
x 10-5 torr H2O. 

Infrared spectroscopy is well suited for the study 
of adsorbed diatomic molecules such as O2 and H2 

since they are only infrared active in the adsorbed 
phase. This may be a distinct advantage over Raman 
spectroscopy for monitoring surface species as both 
gas-phase and adsorbed molecules are Raman active.  
Furthermore, reactive intermediates such as hydroxyl or 
carbonyl groups may easily be monitored with infrared 
spectroscopy.  The formation of hydroxyl groups on 
catalyst particles will most likely be observed prior 
to oxidation of the catalyst particle and subsequent 
degradation. Various particle sizes/positions in the 
nanotube matrix may be assessed for their relative 
stabilities.  Similarly the formation of either C-OH 
species or carbonyl species on the nanotube surfaces 
will most likely precede the formation of defects. By 
combining in situ infrared investigations with Raman 
analyses an in depth understanding of the degradation 
processes will be realized.  This basic study will not 
only allow for more durable electrode materials to be 
nanoengineered, but will also potentially elucidate 
the scientific underpinnings for degradation in other 
catalytic processes. 

References: 

1.  Rao, A. M.; Richter, E.; Bandow, S.; Chase, B.; 
Eklund, P. C.; Williams, K. A.; Fang, S.; Subbaswamy, K. R.; 
Menon, M.; Thess, A.; Smalley, R. E.; Dresselhaus, G.; 
Dresselhaus, M. S. Science 1997, 275, 187-191. 

2.  Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M. Chem. 
Rev. 2006, 106, 1105-1136. 

3.  Gennett, T.; Landi, B. J.; Elich, J. M.; Jones, K. M.; 
Alleman, J. L.; Lamarre, P.; Morris, R. S.; Raffaelle, R. P.; 
Heben, M. J. Mater. Res. Soc. Symp. Proc. 756, 2003; 
p FF5.8. 

4.  Wang, C.; Waje, M.; Wang, X.; Tang, J. M.; 
Haddon, R. C.; Yan, Y. S. Nano Lett. 2004, 4, 345-348. 

5.  Liu, P.; Lee, S.-H.; Yan, Y.; Gennett, T.; Landi, B. J.; 
Dillon, A. C.; Heben, M. J. Electrochemical and Solid-State 
Letters 2004, 7, A421-A424. 

6.  Mehta, V.; Cooper, J. S. Journal of Power Sources 2003, 
114, 32-53. 

7.  Kinoshita, K. Carbon, Electrochemical and 
Physicochemical Properties; John Wiley & Sons: New York, 
1988. 

8.  Blackburn, J. L.; Yan, Y.; Engtrakul, C.; Parilla, P. A.; 
Jones, K.; Gennett, T.; Dillon, A. C.; Heben, M. J. Chem. 
Mater. 2006, 18, 2558-2566. 

9.  Dillon, A. C.; Parilla, P. A.; Alleman, J. L.; Gennett, T.; 
Jones, K. M.; Heben, M. J. Chem. Phys. Lett. 2005, 401, 522. 

�
 



Publications/patents acknowledging the grant 
(not including conference proceedings) 

1.  “Endohedral Metallofullerenes: A Smart Material for 
Hydrogen Storage”, Y. Zhao, M. J. Heben, A. C. Dillon, 
L. J. Simpson, J. L. Blackburn, H. C. Dorn and S. B. Zhang, 
Journal of the American Chemical Society submitted, 2007. 

2.  “Self-Catalyzed Hydrogenation and Dihydrogen 
Adsorption on Titanium Carbide Nanoparticles”, Y. F. Zhao, 
A. C. Dillon, Y. H. Kim, M. J. Heben and S. B. Zhang, 
Chemical Physics Letters, 425, 273-277, 2006. 

3.  “Nondissociative Adsorption of H2 Molecules in Light­
Element-Doped Fullerenes”, Y.-H. Kim, Y. Zhao, 
A. Williamson, M. J. Heben and S. B. Zhang, Physical 
Review Letters, 96, 016102-016105, 2006. 

4.  “Hot-Wire Chemical Vapor Synthesis for a Variety of 
Nano-Materials with Novel Applications”, A. C. Dillon, 
A. H. Mahan, R. Deshpande, J. L. Alleman, J. L. Blackburn, 
P. A. Parillia, M. J. Heben, C. Engtrakul, K. E. H. Gilbert, 
K. M. Jones, R. To, S. H. Lee and J. H. Lehman, Thin Solid 
Films, 501, 216-220, 2006. 

5.  “Synthesis and Characterization of Boron-Doped 
Single-Wall Carbon Nanotubes Produced by the Laser 
Vaporization Technique”, J. L. Blackburn, Y. Yan, C. 
Engtrakul, P. A. Parilla, K. Jones, T. Gennett, A. C. Dillon 
and M. J. Heben, Chemistry of Materials, 18, 2558-2566, 
2006. 

6.  “Effects of Surfactant and Boron Doping on the BWF 
Feature in the Raman Spectrum of Single-Wall Carbon 
Nanotube Aqueous Dispersions”, J. L. Blackburn, C. 
Engtrakul, T. J. McDonald, A. C. Dillon and M. J. Heben, 
Journal of Physical Chemistry B, 110, 25551-25558, 2006. 

7.  “Hydrogen Storage in Novel Organometallic Buckyballs”, 
Y. F. Zhao, Y. H. Kim, A. C. Dillon, M. J. Heben and S. B. 
Zhang, Physical Review Letters, 94, 15504-15507, 2005. 

8.  “Experimental Gibbs Free Energy Considerations in 
the Nucleation and Growth of Single-Walled Carbon 
Nanotubes”, L. M. Wagg, G. L. Hornyak, L. Grigorian, 
A. C. Dillon, K. M. Jones, J. Blackburn, P. A. Parilla and 
M. J. Heben, Journal of Physical Chemistry B, 109, 10435­
10440, 2005. 

9.  “Systematic Inclusion of Defects in Pure Carbon Single-
Wall Nanotubes and Their Effect on the Raman D-Band”, 
A. C. Dillon, P. A. Parilla, J. L. Alleman, T. Gennett, 
K. M. Jones and M. J. Heben, Chemical Physics Letters, 401, 
522-528, 2005. 

10.  “Electrochemical Transformation of Swnt/Nafion 
Composites”, P. Liu, S.-H. Lee, Y. Yan, T. Gennett, 
B. J. Landi, A. C. Dillon and M. J. Heben, Electrochemical 
and Solid-State Letters, 7, A421-A424, 2004. 

11.  “Formation of Nanooctahedra in Molybdenum 
Disulfide and Molybdenum Diselenide Using Pulsed Laser 
Vaporization”, P. A. Parilla, A. C. Dillon, B. A. Parkinson, 
K. M. Jones, J. Alleman, G. Riker, D. S. Ginley and 
M. J. Heben, Journal of Physical Chemistry B, 108, 6197­
6207, 2004. 

12.  “Development and Characterization of Single Wall 
Carbon Nanotube-Nafion Actuators”, B. J. Landi, 
R. P. Raffaelle, M. J. Heben, J. L. Alleman, W. VanDerveer 
and T. Gennett, Materials Science and Engineering B, 116, 
359-362, 2004. 

13.  “Continuous Hot Wire Chemical Vapor Deposition of 
High-Density Carbon Multiwall Nanotubes”, A. C. Dillon, 
A. H. Mahan, P. A. Parilla, J. L. Alleman, M. J. Heben, 
K. M. Jones and K. E. H. Gilbert, Nano Letters, 3, 1425­
1429, 2003. 

14.  “Hot-Wire Chemical Vapor Deposition of Carbon 
Nanotubes”, A. C. Dillon, A. H. Mahan, J. L. Alleman, 
M. J. Heben, P. A. Parilla and K. M. Jones, Thin Solid Films, 
430, 292-295, 2003. 

15.  “Hot Wire Chemical Vapor Deposition of Isolated 
Carbon Single-Walled Nanotubes”, A. H. Mahan, 
J. L. Alleman, M. J. Heben, P. A. Parilla, K. M. Jones and 
A. C. Dillon, Applied Physics Letters, 81, 4061-4063, 2002. 

16.  “Single Wall Carbon Nanotube-Nafion Composite 
Actuators”, B. J. Landi, R. P. Raffaelle, M. J. Heben, 
J. L. Alleman, W. VanDerveer and T. Gennett, Nano Letters, 
2, 1329-1332, 2002. 

17.  “A Temperature Window for Chemical Vapor 
Decomposition Growth of Single-Wall Carbon Nanotubes”, 
G. L. Hornyak, L. Grigorian, A. C. Dillon, P. A. Parilla, 
K. M. Jones and M. J. Heben, Journal of Physical Chemistry 
B, 106, 2821-2825, 2002. 

18.  “Hydrogen Storage Using Carbon Adsorbents: Past, 
Present and Future”, A. C. Dillon and M. J. Heben, Applied 
Physics a-Materials Science & Processing, 72, 133-142, 
2001. 

19.  “Formation of Single-Wall Carbon Nanotube 
Superbundles”, T. Gennett, A. C. Dillon, J. L. Alleman, 
K. M. Jones, F. S. Hasoon and M. J. Heben, Chemistry 
of Materials, 12, 599, 2000. 

20.  “Quantum Rotation of Hydrogen in Single-Wall Carbon 
Nanotubes”, C. M. Brown, T. Yildirim, D. A. Neumann, 
M. J. Heben, T. Gennett, A. C. Dillon, J. L. Alleman and 
J. E. Fischer, Chemical Physics Letters, 329, 311-316, 2000. 

21.  “The First True Inorganic Fullerenes?” P. A. Parilla, 
A. C. Dillon, K. M. Jones, G. Riker, D. L. Schulz, 
D. S. Ginley and M. J. Heben, Nature, 397, 114-114, 1999. 

22.  “Carbon nanotube-polymer composite actuators” by 
T. Gennett, R. Raffaelle, B. Landi, and M. Heben, 
Provisional Application No. 60/461,607 filed April 8, 2003 
has been granted a full patent. 

23.  “Metal-doped Single-Walled Carbon Nanotubes and 
Prodcution Thereof “by A. Dillon, M.J. heben, T. Gennett, 
P.A. Parilla, International Publication No. WO 03/085178 
A1 filed October 16, 2003 has been granted a full patent. 

�
 




