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CARBON NANOTUBE AND NANOFIBER
FILM-BASED MEMBRANE ELECTRODE
ASSEMBLIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Patent Application
No. 61/081,851, filed Jul. 18, 2008, entitled “Carbon Nano-
tube and Nanofiber Film-Based Membrane Electrode Assem-
blies,” and is a continuation-in-part of U.S. patent application
Ser. No. 11/670,687, filed Feb. 2, 2007, which claims priority
to U.S. Patent Application No. 60/765,504, filed Feb. 2, 2006,
the entirety of each is incorporated herein by reference.

FIELD OF THE INVENTION

The present invention is related to the field of membrane
electrode assemblies for proton exchange membrane fuel
cells.

BACKGROUND OF THE INVENTION

Fuel cells are regarded by many as a promising source of
power for a wide array of devices, including vehicles, as well
as a host of other portable and stationary applications. Fuel
cells are capable of providing high energy efficiency and
relatively rapid start-up. Moreover, fuel cells are capable of
generating power without generating the types of environ-
mental pollution that characterize many other sources of
power. Thus, fuel cells can be a key to meeting critical energy
needs while also mitigating environmental pollution by sub-
stituting for conventional power sources.

Notwithstanding the advantages afforded by increased uti-
lization of fuel cells, their wide-spread commercialization is
likely to hinge on whether and the extent to which the cost per
unit power associated with fuel cells can be reduced. One
promising approach to achieving such cost reduction is to
reduce the amount of platinum (Pt) that is required for con-
structing the electrodes of a fuel cell. Indeed, a particularly
promising avenue for commercialization is to improve Pt
utilization while also optimizing electrode structure so as to
achieve a high Pt-specific power density.

One obstacle to achieving this aim, however, is the fact that
conventional catalyst supporting materials, such as carbon
black Vulcan XC-72R, have numerous micropores in which
Pt nanoparticles can become trapped. This typically results in
a failure in establishing the three-phase boundary (TPB)
among gas, electrolytes, and the electrocatalyst of a fuel cell.
The corresponding fraction of Pt is therefore not utilized
since the electrochemical reactions can not occur at these
sites, thus causing a reduction in the level of Pt utilization.
Moreover, carbon black can be corroded under the severe
conditions inherent in the cathode of the fuel cell, resulting in
low cell stability and reduced service life.

More recently, carbon nanotubes and nanofibers have been
examined as possible catalyst supports in polymer exchange
membrane fuel cells (PEMFCs) because carbon nanomateri-
als typically exhibit high conductivity and large specific sur-
face areas. Additionally, such carbon nanomaterials possess
relatively low microporosity and typically exhibit excellent
resistance to electrochemical corrosion.

A conventional processes for fabricating carbon nanotube-
based and carbon nanofiber-based catalyst layers for use in a
PEMFC is to disperse carbon nanotubes (CNTs) and carbon
nanofibers (CNFs) in a binder, such as Teflon or Nafion, to
form a slurry that is then used to coat the gas diffusion layer.
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A significant problem inherent in the conventional process,
however, is that the addition of the binder tends to isolate
carbon nanotubes in the electrocatalyst layer, generally lead-
ing to poor electron transport and degradation or elimination
of the Pt active surface.

SUMMARY OF THE INVENTION

In view of the foregoing background, it is therefore a fea-
ture of the present invention to provide a carbon-materials-
based membrane electrode assembly (MEA) for a fuel cell
that overcomes the limitations discussed above. According to
one aspect of the invention, the MEA comprises a porous
buckypaper film with catalyst nanoparticles disposed on or
near the surface. The buckypaper-nanoparticle catalyst com-
posite is applied as a catalyst layer of the MEA.

A particular feature of the MEA, according to the inven-
tion, is that the buckypaper (BP) film is fabricated with carbon
nanotubes, nanofibers, or a mixture thereof, with little or no
binder. The buckypaper additionally can be treated with high
temperature for improving electrical and/or mechanical prop-
erties of the structure. The microstructure of the buckypaper
can be tailored by adjusting the starting materials and nano-
tubes dispersion so as to achieve a desired porosity, pore size,
surface area, and electrical conductivity for use as the catalyst
layer of the MEA. The catalyst nanoparticles are preferably
deposited directly at the most efficient sites of the buckypaper
to thereby maximize the three-phase reaction coefficient. The
MEA so fabricated can have a higher catalyst utilization rate
at the electrodes, can provide higher power output, and can
have enhanced oxidation resistance, and well as a longer
service life, as compared to conventionally-fabricated fuel
cells.

BRIEF DESCRIPTION OF THE DRAWINGS

There are shown in the drawings, embodiments which are
presently preferred. It is expressly noted, however, that the
invention is not limited to the precise arrangements and
instrumentalities shown in the drawings.

FIG. 1 is a schematic of an exemplary proton exchange
membrane fuel cell, including a membrane electrode assem-
bly.

FIGS. 2a-c are cross-sectional views of platinum deposi-
tion morphologies for a membrane electrode assembly of a
fuel cell, according to certain embodiments of the invention.

FIGS. 3a and 354 are views of surface morphologies of a
membrane electrode assembly of a fuel cell, according to
certain embodiments of the invention.

FIGS. 4a and 4b are plots of cell potential and output
performance as a function of current density for single cells
with catalyst PtBP-A and PtBP-B as cathode catalyst layer.

FIGS. 5a and 56 are SEM images showing surface mor-
phology of buckypaper.

FIGS. 6a and 6b are SEM images showing the surface
morphology of a catalyst layer formed from buckypaper with
platinum nanoparticles disposed thereon.

FIG. 7 is a graph of the Pt(111) diffraction peak in the
powder X-ray diffraction pattern for a buckypaper-supported
Pt catalyst layer.

FIG. 8 is a cyclic voltammogram of buckypaper-supported
Pt catalyst in nitrogen-saturated H,SO, at a scan rate of 50
mVs~t.

FIGS. 9a and 95 are cell polarization curves and electrode
overpotential as a function of current density at 80° C. with
1.36 atm backpressure and humidified H, and O, as the fuel
and oxidant, respectively.
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FIG. 10 includes cyclic voltammograms of a) SWNT/CNF
buckypaper and b) Vulcan XC-72 at different time intervals
during electroxidation in N, purged 0.5M H,SO,; c) the
amount of the charge from HQ-Q redox as a function of hold
time at 1.2 V as determined from cyclic voltammetry shown
in a) and b); d) Raman spectra of carbon nanofiber and Vulcan
XC-72.

FIG. 11 includes cyclic voltammograms of a) Pt/Buckypa-
per, b) Pt/CB-pristine, ¢) Pt/CB-500 at different time intervals
during accelerated durability test; d) normalized Pt electro-
chemical surface area of Pt/Buckypaper, Pt/CB-pristine, and
Pt/CB-500 as a function of holding time at 1.2 V, as deter-
mined from cyclic voltammetry shown in a), b), and c).

FIG. 12 includes TEM images of Pt/Buckypaper a) before
ADT, b) after ADT, and c¢) after ADT in low magnification; d)
Pt size distribution before and after ADT determined from
TEM image a) and b), respectively.

FIG. 13 includes TEM images of Pt/CB-pristine a) before
ADT, b) after ADT, and c¢) after ADT in low magnification; d)
Pt size distribution before and after ADT determined from
TEM image a) and b), respectively.

FIG. 14 includes TEM images of Pt/CB-500 a) before
ADT, b) after ADT, and c¢) after ADT in low magnification; d)
Pt size distribution before and after ADT determined from
TEM image a) and b), respectively.

FIG. 15 is the normalized Pt electrochemical surface areas
of Pt/Buckypaper, Pt/CB-pristine, and Pt/CB-500 as a func-
tion of duration time of ADT under square-wave potential
cycles between 0.85V for 15 sand 1.4V for 45 s.

FIG. 16 is a high-resolution TEM image of Pt/Buckypaper
after accelerated durability test under a constant potential of
1.2V.

DETAILED DESCRIPTION

The present invention is directed to a newly-designed
membrane electrode assembly (MEA) for a fuel cell, as well
as a method for fabricating the same. An important aspect of
the invention, as described herein is the utilization of carbon
nanomaterial buckypaper, the buckypaper being fabricated
with little or no binders.

FIG. 1 shows an exemplary proton exchange membrane
fuel cell (PEMFC) 100 for use in connection with the mem-
brane electrode assembly disclosed herein. The MEA 110 can
include an anode catalyst 120, a proton exchange membrane
130 and a cathode catalyst 140. The proton exchange mem-
brane 130 serves as an electrical insulator separating the
anode catalyst layer 120 from the cathode catalyst layer 140,
while also being permeable to protons 145. In addition, the
MEA 110 can include an anode gas diffusion layer 150 and a
cathode gas diffusion layer 160. The anode catalyst layer 120
and cathode catalyst layer 140 can be electrically connected
170 enabling electrons to flow from the anode to the cathode.

The anode side 180 of the PEMFC 100 is designed to bring
a fuel gas 190, such as hydrogen (H,), into contact with the
anode catalyst layer 120. The used fuel 200 is then removed
from the anode side 180. The cathode side 210 of the PEMFC
100 is designed to bring an oxidant 220, such as oxygen (O,)
from air, into contact with the cathode catalyst layer 140. The
oxidation of the oxygen on the cathode side 210 produces
water and generates heat. The mixture of air and water 230
flows out of the cathode side 210, while the excess heat 240
can be removed using water or cooled air. It will be under-
stood that while an exemplary PEMFC has been disclosed,
there are other designs for PEMFCs with which the MEA
disclosed herein can be used.
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The membrane electrode assembly (MEA) for a fuel cell
can include a catalyst layer comprising a plurality of catalyst
nanoparticles disposed on buckypaper. The catalyst layer can
include 1 wt-% or less binder based on the total weight of the
catalyst layer following deposition of the catalyst nanopar-
ticles. The catalyst layer can include 0.5 wt-% or less binder,
or 0.25 wt-% or less binder, or 0.1 wt-% or less binder, or 0.05
wt-% or less binder, or the catalyst layer can include no binder
following deposition of the catalyst nanoparticles.

As used herein, “binder” is used to refer to compounds and
compositions used to create adherence between the nanofila-
ments forming the buckypaper that are added during the for-
mation of the buckypaper. Exemplary binders include perflu-
orinated polymers, such as those sold by E. I. Du Pont De
Nemours and Company under the TEFLON mark, and per-
fluorinated, sulfonic acid resins, such as those sold by E. 1. Du
Pont De Nemours and Company under the NAFION mark.

Asused herein, “buckypaper” is used to refer to a film-like,
stable composite comprising a web of single-wall carbon
nanotubes, multi-wall carbon nanotubes, carbon nanofibers,
or a combination thereof. In the embodiments disclosed
herein, the buckypaper can be stabilized largely by entangle-
ment of flexible single-wall nanotubes and small diameter
multi-wall nanotubes around larger, more rigid nanofibers
and the large diameter multi-wall nanotubes.

As used herein, the terms “carbon nanotube” and the short-
hand “nanotube” refer to carbon fullerene structures having a
generally cylindrical shape and typically having a molecular
weight ranging from about 840 to greater than 10 million
Daltons. Carbon nanotubes are commercially available, for
example, from Carbon Nanotechnologies, Inc. (Houston,
Tex. USA), or can be made using techniques known in the art.
As used herein, the term “small diameter MWNT” refers to
multiwall nanotubes having a diameter of 10 nm or less, and
the term “large diameter MWNT” refers to multiwall nano-
tubes having a diameter of more than 10 nm. The term “large
diameter CNF”’ refers to carbon nanofibers having a diameter
of 10 nm or more. As used herein, the terms “carbon nanofila-
ment” and “nanofilament” are used interchangeably to
describe single-wall carbon nanotubes, multi-wall carbon
nanotubes and carbon nanofibers.

Single-wall nanotubes can have a diameter of less than 5
nanometers and a length between 100-1000 nanometers.
Multi-wall nanotubes are multi-wall nanotube structures and
can have a diameter ranging from less than 10 nanometers to
100 nanometers and a length between 500 nanometers and
500 micrometers. Carbon nanofibers can have a diameter
from 100 nanometers to 200 nanometers and a length from 30
to 100 micrometers.

The buckypaper can include at least two types of nanofila-
ments selected from single-wall nanotubes, small diameter
multi-wall carbon nanotubes, large diameter multi-wall car-
bon nanotubes, and carbon nanofibers. The buckypaper used
in the catalyst layer can include (a) single-wall nanotubes,
small diameter multi-wall nanotubes, or both, and (b) large
diameter multi-wall nanotubes, carbon nanofibers, or both.

Theratio ofthe nanofilaments of (a) to the nanofilaments of
(b) can range from 1:2 to 1:20. In some embodiments, the
ratio of (a) to (b) can range from 1:2to 1:15, or 1:2.25 to 1:8,
or from 1:2.5 to 1:6.

The buckypaper can include at least a first layer and a
second layer. The first and second layers can be the same or
different. The first layer can include (a) single-wall nano-
tubes, small diameter multi-wall nanotubes, or both, and (b)
large diameter multi-wall nanotubes, carbon nanofibers, or
both, and the second layer can include multi-wall nanotubes,
carbon nanofibers, or both.
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The buckypaper microstructure can be tailored by adjust-
ing the starting materials and nanotube dispersion to achieve
a target porosity, pore size, surface area and electrical con-
ductivity. The catalyst layer can be formed by depositing a
plurality of catalyst nanoparticles on the buckypaper after the
buckypaper has been formed. The buckypaper can be formed
using less than 1 wt-% binder, or any smaller amount dis-
closed herein. By depositing the catalyst nanoparticles after
the buckypaper is formed with minimal binder, the catalyst
nanoparticles can be directly deposited at the most efficient
sites directly on the buckypaper for maximizing the three-
phase reaction coefficient. Relative to conventional MEAs,
the MEA according to the design disclosed herein has a
higher catalyst utilization efficiency at the electrodes, a
higher power output, and better resistance to oxidation, as
well as longer service life.

In some embodiments, the buckypaper can include a sec-
ond layer that serves as a gas diffusion layer (GDL) associ-
ated with the catalyst layer. In such embodiments, the second
layer serving as a gas diffusion layer comprises longer, larger
diameter nanofilaments, such as large diameter multi-wall
nanotubes, carbon nanofibers, or both.

An unexpected feature of the membrane electrode assem-
blies disclosed herein is that they exhibit superior utilization
of'the catalyst disposed on the buckypaper catalyst layer. Two
measurements of catalyst efficiency of interest include (i) the
surface area utilization efficiency, and (ii) the catalyst utili-
zation efficiency. The surface area utilization efficiency of the
catalyst nanoparticles of the catalyst layer disclosed can be at
least 60%, or at least 65%, or at least 70%, or at least 75%, or
at least 75%, at least 80%, or at least 85%. The catalyst
utilization efficiency of the catalyst nanoparticles of the cata-
lyst layer disclosed herein can be 0.50 g, /kW or less, or 0.45
g-/kW or less, or 0.40 g, /kW or less, or 0.35 g, /kW or less,
or 0.30 g, /kW or less, or 0.20 g, /kW or less.

As used herein, the “surface area utilization efficiency” is
calculated as the quotient of the electrochemical surface area
(ECSA), as calculated by Formula (1), infra, divided by the
real surface area, as calculated by Formula (3), infra. As used
herein, the “catalyst utilization efficiency” is calculated as the
quotient of the catalyst loading divided by the cell output
power at 0.65 V during cyclic voltammetry (CV) in a three-
electrode/one-compartment cell at a temperature of 80° C.
with a back pressure of 20 psi as a scan rate of 50 mVs™'.

The catalyst nanoparticles can include platinum, iron,
nitrogen, nickel, carbon and combinations thereof. The cata-
lyst nanoparticles can be platinum or platinum(111) or Pt;Ni
(111).

The membrane electrode assembly can incorporate the
buckypaper catalyst layer as the cathode, the anode, or both.
Preferably, the MEA includes the buckypaper catalyst dis-
closed herein as at least the cathode layer.

In another embodiment, the invention is drawn to a method
of fabricating a membrane electrode assembly for a fuel cell.
The method can include producing a catalyst layer that
includes the steps of forming buckypaper and depositing cata-
lyst nanoparticles on the buckypaper. Following the forming
step, the depositing step, or both, the buckypaper can include
1 wt-% or less of binder. Following the forming step, the
depositing step, or both, the catalyst layer can include 0.5
wt-% or less binder in the fully assembled MEA, or 0.25 wt-%
or less binder, or 0.1 wt-% or less binder, or 0.05 wt-% or less
binder, or the catalyst layer can include no binder. The bucky-
paper forming step can occur before the depositing step.

Once formed, the catalyst layer can be incorporated into
the membrane exchange assembly using techniques known to
those of'skill in the art. For example, the membrane exchange
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assembly can be pressed onto the proton exchange mem-
brane. The incorporation step can also include applying
Nafion to the catalyst layer, the proton exchange membrane,
or both. When applied to the catalyst layer following forma-
tion of the buckypaper, the Nafion serves to enhance proton
conductivity from the catalyst nanoparticles through the pro-
ton exchange membrane to the other electrode. Unexpectedly,
the incorporation of Nafion at this point in the process, and
not as a binder used to form the buckypaper support, enables
substantially higher surface area utilization efficiency (% uti-
lization) and catalyst utilization efficiency (g_,/kKW).

The buckypaper can be fabricated using the steps of (1)
dispersing an amount of MWNT’s, CNFs, or both MWNTs
and CNFs, with an amount of SWNTs in a liquid to form a
suspension (wherein the nanotubes separate into individual
fibers or small bundles and float in the non-solvent due to the
large surface area of the nanotubes and strong molecular
interactions); and then (2) filtering the suspension to remove
the liquid, to yield a film that includes MWNTs, CNFs, or
both MWNTs and CNFs, with SWNTs interspersed there-
through. In another embodiment, step (2) utilizes vaporiza-
tion of the liquid to remove the liquid and form the buckypa-
per. It is also possible to use a combination of filtration and
evaporation, either sequentially or simultaneously. The
vaporization or filtration process may include the addition of
heat, a pressure reduction, or a combination thereof.

The liquid can be a non-solvent. As used herein, the term
“non-solvent” refers to any liquid media that are essentially
non-reactive with the nanotubes and in which the nanotubes
are virtually insoluble. Examples of suitable non-solvent lig-
uid media include water and volatile organic liquids, such as
acetone, ethanol, methanol, and n-hexane. The liquid may be
an aqueous solution, and may be an aqueous-organic liquid
mixture. Low-boiling point non-solvents are typically pre-
ferred so that the non-solvent can be easily and quickly
removed from the matrix material. The liquid optionally may
include a surfactant (such as a non-ionic surfactant, e.g.,
Triton X-100, Fisher Scientific Company, NJ) to enhance
dispersion and suspension stabilization. The surfactant can be
removed along with the rest of the liquid in the filtration or
volatilization step.

In one embodiment, the method used to produce the bucky-
paper can produce a buckypaper with aligned nanotubes. The
liquid removal may be performed following alignment of the
nanotubes in the suspension, such that the alignment is sub-
stantially maintained after the liquid is removed. In one
embodiment, nanotube alignment may be performed using in
situ filtration of the nanotube suspensions in high strength
magnetic fields, as described for example, in U.S. Patent
Application Publication No. 2005/0239948 to Haik et al.,
which is incorporated herein by reference.

In another aspect, the buckypaper can include multiwall
nanotubes and/or carbon nanofibers entangled with a small
amount of single wall nanotubes. In one embodiment, the
buckypaper can include MWNTs, CNFs, or a mixture
thereof; and SWNTs entangled among the MWNTs, CNFs,
or mixture thereof, wherein the buckypaper is between 5 wt %
and 50 wt % SWNTs. In another embodiment, a buckypaper
is provided that includes large diameter MWNTs, CNFs, or a
mixture thereof, and small diameter MWNTs entangled
among the large diameter MWNTs, large diameter CNFs, or
mixture thereof wherein the film is between 5 wt % and 50 wt
% small diameter MWNTs. The buckypaper is of sufficiently
large length and width dimensions to be useful in the fuel cell
applications disclosed herein.

FIG. 2a shows the cross-section morphology of a double-
layered buckypaper, composed of a layer comprising a mix-
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ture of single-wall nanotubes (SWNTs) and multi-wall nano-
tubes (MWNTs), and of another layer comprising MWNTs.
FIG. 256 shows a top layer of the double-layered buckypaper
made with the SWNTs/MWNTs mixture. FIG. 2¢ shows the
bottom layer made with MWNTs.

Thus, the novel membrane electrode assembly according
to the invention comprises carbon nanofilaments. It is worth
emphasizing that the buckypaper is fabricated without using
any binders. The nanofilaments preferably comprise SWNTs
and a mixture of SWNTs and MWNTs or CNFs. For optimal
microstructure of the buckypaper, a mixture of SWNTs and
MWNT is in the ratio 1:5 (w/w), and a mixture of SWNTs and
CNFs is 1:3 (w/w). The pore size of the buckypaper can be
controlled, for example, using varied nanotubes having dif-
ferent tube diameters and lengths; as demonstrated experi-
mentally, longer and larger nanotubes yield buckypaper hav-
ing correspondingly larger pore sizes.

Multi-wall nanotubes with relatively larger diameters
entangle, together forming a backbone in the side of the
MWNT layer, which contacts the gas diffusion layer in the
electrode to provide a porous channel for mass transfer. In the
other side of the double-layered buckypaper, the small diam-
eter SWNTs connect with the MWNT backbone, thereby
providing more surface area and higher conductivity, which
facilitates the three-phase electrochemical reactions. The
catalyst nanoparticles are deposited on the surface of the
buckypaper. Deposition can be effected by various methods,
including electrochemical deposition, sputtering deposition,
and supercritical deposition. A method of supercritical depo-
sition useful in connection with the articles and methods
disclosed herein is disclosed by Bayakeeken et al., “Pt-based
electrocatalysts for polymer electrolyte membrane fuel cells
prepared by supercritical deposition technique,” Journal of
Power Sources, Vol. 179, pp. 532-40 (2008). FIG. 3a shows
the surface morphology of platinum coating of the double-
layered buckypaper (side of SWNTs/MWNTs mixture)
coated by DC sputtering (PtBA-A). FIG. 356 shows the surface
morphology of Pt coating a SWNTs and CNFs mixture
buckypaper by electrochemical deposition (PtBP-B).

The Pt surface area utilization efficiency was determined
by cyclic voltammetry to be 85% or higher, whereas the
surface usage of a conventional Pt/C catalyst was determined
to be approximately 31%. By utilizing Pt-coated buckypaper
as a catalyst layer at the cathode, the MEA exhibited a very
high Pt utilization rate and power output. FIG. 4a is a plot of
the cell potential and output performance as a function of
current density at 80° C. for single cells with catalyst PtBP-A
(Pt loading: 0.02 mg cm™2) as cathode catalyst layer with
humidified H,/O, as the fuel/oxidant at a back pressure of
1.36 atm. FIG. 44 is a plot of the cell potential and output
performance as a function of current density at 80° C. for
single cells with catalyst PtBP (PT loading: 0.13 mgcm™>) as
cathode catalyst layer with humidified H,/O, as the fuel/
oxidant at a back pressure of 1.36 atm. The power outputs at
0.65V are 156 mW cm™2 and 468 mW cm > for two cells. This
means the Pt utilizations are 0.13 g,,/kW and 0.28 g, /kW for
the platinum-buckypaper cathodes, which is a very signifi-
cant improvement over values for current state-of-the-art
devices (0.85-1.1 g, /kW). See, e.g., H. A. Gasteiger, S. S.
Kocha, B. Sompalli, and F. T. Wagner, “Activity Benchmarks
and Requirements for Pt, Pt-alloy, and non-Pt oxygen reduc-
tion catalysts for PEMFCs,” in Applied Catalysis B-Environ-
ment 56 (2005), 9-36. The Pt utilization values demonstrate
that less than one-third the amount of platinum (0.28 g,
compared to 0.85 g,,) is necessary to produce a kW of power
compared to the current state-of-the-art devices.
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The unexpectedly high catalyst efficiency of the Pt/bucky-
paper composites may be due to at least three factors: first, its
unique microstructured well-connected nanotube network
ensures a pathway for electrons and gas; second, the Pt is
electrodeposited on the most efficient contact zones for the
electronic and electrolytic pathways of the buckypaper
samples; and, third, the Pt nanoparticles are covered with
little or no binder material, such as Nafion. As a result, nearly
the entire surface of the Pt particles is electrochemically
active and can form a three-phase boundary.

EXAMPLES
Electrical Property Evaluations

Preparation and Characterization of Buckypaper

SWNTs 0.8-1.2 nm in diameter and 100-1000 nm long
were obtained from Carbon Nanotechnologies Inc, while
CNFs 100-200 nm in diameter and 30-100 um long from
Applied Sciences Inc were produced using a chemical vapor
deposition (CVD) method. All materials were used as
received without further purification.

SWNT/CNF-mixed buckypaper sheets were produced
using a vacuum filtration method. A mixture of SWNTs and
CNFs (w/w 1:3 or 1:5), in 1000 ml deionized water was
sonicated to form a homogenous dispersion by adding Tri-
ton-X (Dow) as a surfactant. The suspension was then filtered
under a vacuum through a nylon membrane (Millipore) hav-
ing a 0.45 um pore size. The filtrate film was washed thor-
oughly with isopropanol to remove the residual surfactant.
After drying, a thin film layer was peeled from the filtration
membrane and a freestanding buckypaper (BP) was obtained.

A Tristar 3000 (Micrometritics) was used to characterize
the buckypaper’s BET surface areas and pore size distribution
using a nitrogen adsorption method. The SWNTs and CNFs
of the buckypaper entangled together to produce good
mechanical properties.

Preparation and Characterization of Buckypaper-Sup-
ported Pt Electrocatalysts

Platinum (Pt) nanoparticles were deposited onto the
buckypaper using a pulse electrodeposition technique from a
mixture solution of 10 mM H,PtCl,0.1 MH,SO,, and 0.5 M
ethylene glycol with N, bubbling. The applied potential
increased from 0.2V to -0.25V (versus the saturated calomel
electrode) with a pulse width of 1 s and a pulse duty cycle of
25%. The pulse was repeated until the desired Pt loading was
reached. The Pt loading was determined by weighing the
mass difference before and after deposition.

The morphology of the platinum on the buckypaper (Pt/
BP) was characterized using a scanning electron microscope
(SEM, JEOL JSM 7401F). X-ray diffraction (XRD) patterns
of'the buckypaper-supported Pt were recorded using a CuKa
line from a Siemens D500 diffractometer. The electrochemi-
cal surface area of Pt/BP catalysts was characterized by using
cyclic voltammetry (CV) in a three-electrode/one-compart-
ment cell. A saturated calomel electrode (SCE) was used as
the reference electrode and Pt gauze as the counter electrode.
To prepare the working electrode, a piece of the prepared
Pt/BP was stuck to the top of a glassy carbon (GC) electrode
(0.07 cm?®) by using a drop of 0.5% Nafion solution. The
electrolyte solution was 0.5 M H,SO,,, which was thoroughly
deaerated by bubbling N, gas for 30 minutes. A N, atmo-
sphere was maintained over the solution during the test. The
potential ranged from -0.25V to +1.0 V at a scan rate of 50
mV s

In comparison, a conventional Pt/C (20 wt. %, E-TEK)
catalyst was applied to the glassy carbon electrode with a Pt
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loading of 0.2 mg cm™ and tested by CV with the same
experimental conditions. The CV curves were also recorded
in an oxygen saturated 0.5 M H,SO, solution from 0.1 V to
0.9 V at a scan rate of 50 mV s~ to observe the oxygen
reduction peak.

Fabrication and Characterization of MEA

The electrochemical performance of the Pt/BP electrocata-
lysts as a cathode catalyst layer was determined in a single 5
cm? PEMFC. The anode catalyst was commercial 20 wt. %
Pt/C, and the membrane was an H,O, and H,SO, pretreated
Nafion-112 (Dupont) composite. The back layer of the elec-
trode was teflonized (30 wt. % Teflon in cathode, 10 wt. % in
anode) carbon paper (TGPH-090, Toray). The gas diffusion
layers (GDL) for both the cathode and anode were prepared
by spraying an isopropanol mixture of the Vulcan XC-72
carbon black and a 30 wt. % or 10 wt. % Teflon emulsion onto
the back layer. The GDL composite was then sintered at 340°
C.for1h.

For the anode, a Pt/C catalyst was applied by using a
conventional ink process. The proper amount of the Pt/C
catalyst was mixed with 10 wt-% Nafion in isopropanol and
then air-sprayed on the GDL to constitute the catalyst layer
with a Pt loading of 0.1 mg cm~2. The Pt deposited buckypa-
per was placed onthe cathode GDL to serve as a catalyst layer
where the selected side of the buckypaper was exposed.
Finally, a thin layer of Nafion solution (1.0 mg/cm?) was
sprayed onto the surface of each catalyst layer. The mem-
brane electrode assembly was formed by sandwiching the
electrolyte membrane between the anode and cathode and
hot-pressing it at 130° C. for 3 minutes under 30 kg cm~2 of
pressure.

It is to be understood that the Nafion applied to the com-
pleted catalyst layer is used in order to enhance proton con-
ductivity from the catalyst nanoparticles into the proton
exchange membrane. Unexpectedly, the incorporation of
Nafion at this point in the process enables substantially higher
surface area utilization efficiency (% utilization) and catalyst
utilization efficiency (g, /kW).

The resulting single cell was operated by a fuel cell testing
system (Fuel Cell Technologies) with humidified H, as the
fuel and humidified O, as the oxidant. The operation condi-
tions were: humidifier temperature: 80° C. for both reactants,
cell temperature: 80° C., and gas pressure at 20 psi on both
sides. A pair of Pt wires was assembled in the cell at the anode
side to act as the reference electrode (dynamic hydrogen
electrode). The cell performance and electrode overpotentials
were recorded by electronic load assembled in the testing
system.

Results and Discussion

Properties of Buckypaper

The as-produced SWNT/CNF mixture buckypapers (de-
scribed as SF13 for weight ratio of 1:3 and SF15 for weight
ratio of 1:5) were approximately 35 um thick and exhibited a
porosity of 85%, which was measured by mercury porosim-
etry method. FIG. 5 shows SEM images of the surface mor-
phology of the buckypapers. The images show that the large
CNF's entangle together to form a backbone where a mesh-
work of much smaller SWNTs create the surface covering
layer. A large volume fraction of CNF's constitute most of the
pore volume due to the mesopores (>10 nm) as determined by
the nitrogen adsorption method (data not shown). It also
shows that buckypaper with more CNFs has larger average
pore size. Comparing to the pure SWNT buckypaper, which
has an average pore size of approximately 5 nm and a porosity
of approximately 75%, the SWNT/CNF mixture buckypaper
exhibits larger pore size and porosity. Thus, the SWNT/CNF
buckypaper should exhibit a higher permeability which may
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facilitate improved mass transfer in the fuel cell. A small
quantity of the SWNT-connected large nanotubes was added
to ensure the electronic conductivity. The electronic conduc-
tivities measured by the four-probe method were ~11 S cm™
for the SF13 buckypaper, which were greater than that of the
carbon black XC-72 (4 S ecm™).

Catalyst Performance

FIG. 6 shows the surface morphology of buckypapers hav-
ing approximately 0.1 mg cm™2 of Pt deposited thereon. The
image displayed in FIG. 6 shows that the Pt particles on the
surface of the nanotubes have a wide particle size distribution
of 5-30 nm. This seems to indicate that the large Pt particle
(>20 nm) was formed by the agglomeration of small particles
with a size of several nanometers. The Pt particle’s size was
also calculated from the strongest x-ray diffraction peak (111)
of Pt in the XRD pattern (FIG. 7), according to the Scherrer
formula, as shown below:

Do = 29
(1’11’1’1) - ﬁ1/20050

®

where D is the mean size of the Pt particles, A is the X-ray
wavelength (Cu Ko line at A=1.542 A), B, is the half-peak
width for Pt (111) in radians, and 0 is the angle corresponding
to the (111) peak. Thus, the mean Pt particle sizes are 5.7 nm
for Pt/SF13 and 6.0 nm for Pt/SF15. Those sizes were greater
than those produced by an impregnation method, e.g., 2-4 nm
Pt particles on the MWNTs obtained by reducing platinum
ion salt in the ethylene glycol solution. These results indicate
that most of the Pt particles were grown on the surface of the
SWNTs, which indicates greater active sites for electrodepo-
sition on the as-received SWNTs than the as-received CNFs.

The electrocatalytic activity of the buckypaper-supported
Pt catalyst was evaluated using cyclic voltammetry in the
electrolyte of 0.5 M H,SO,, which is shown in FIG. 8a. The
area of the electrochemical activity surface in the catalyst
where the electrochemical reaction (e.g. oxygen reduction
reaction) takes place, also described as the electrochemical
surface area (ECSA), can be obtained by the integration of the
H,-adsorption peak in the hydrogen region (-0.2t0 0.15V vs.
SCE) of the voltammograms with subtraction of the current
due to double layer charging. The ECSA was calculated using
the following equation:

On
[Pr] x0.21

ECSA = @

where Q,, is the coulombic charge for hydrogen adsorption
obtained by integration measure in mC cm™2, [Pt] is the Pt
loading measured in mg cm™2, and the factor of0.21 mC cm™>
represents the charge required to oxidize a monolayer of H,
on bright Pt. The calculated ECSA for the Pt/SF13 and the
Pt/SF15 electrocatalyst were 43.3 m* g~* and 39.2 m? g7!,
respectively. In comparison, the ECSA for the commercial
Pt/C, calculated using a similar method, was 39.7 m? g™*.
There is slightly difference in intensity was observed between
the oxygen reduction peaks for Pt/buckypaper and Pt/C cata-
lysts measured in O,-saturated environment (FIG. 85) indi-
cating the three catalysts have the similar catalytic activities
for oxygen reduction rate (ORR). However, a shift to high
potential for oxygen reduction peak was shown in Pt/bucky-
paper catalyst comparing to Pt/C catalyst due to the increase
in the Pt particle size. Therefore, the Pt/buckypaper catalysts
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have slightly larger ECSAs than the commercial Pt/C in spite
of much larger Pt particles. This indicates high catalyst utili-
zation was achieved by using buckypapers as catalyst sup-
ports. The Pt usage could be estimated as the ratio of ECSA
over the real specific surface area (SA) of Pt, which indicates
how many surface Pt atoms are active in electrochemical
reactions. The real surface area of Pt can be calculated by
assuming that all particles are in uniform spherical shape with
the following equation:

©)

surface area xD? 6
SA=z —— = =
mass pD

1
gnD3p

where, p is the mass density of Pt (21.4 g cm™) and D is the
mean diameter of Pt particles in the catalyst.

By applying the mean diameter derived from the Scherre
formula (formula 1), the Pt surface area utilization efficiency
on the SF13 buckypaper support and the SF15 buckypaper
support were 88% and 84%, respectively, while the commer-
cial Pt/C was only 31%. As used herein, the “Pt surface area
utilization efficiency” is calculated as the quotient of the
ECSA as calculated by Formula (1) divided by the real sur-
face area as calculated by Formula (3).

Although not necessary for practicing the invention and
while not wishing to be bound by theory, the unexpectedly
high Pt surface usage rates for buckypaper supported cata-
lysts may be due to the following two reasons: (1) Pt particles
were electrodeposited onto the buckypaper in the aqueous
solution, and the sites where the Pt particles were located
were the most efficient contact zones for the electronic and
electrolytic pathways of the buckypaper samples. As a result,
almost all of the surface of the Pt particles was an electro-
chemically active site, even though the Pt particle size needs
to be reduced further; (2) The electrochemical surface area of
Pt/C was partially lost by the ink process for applying Pt/C
catalyst to the electrode due to the blocking of the binding
agent (e.g. Nafion) at the Pt sites, especially for the Pt loaded
on the micropores inside the agglomerates of the carbon
black.

For the Pt/BP catalyst, the addition of the binding agent is
not necessary because the buckypaper is a well-established
membrane and Pt particles are located on the external surface
of'the large porous structures of CNF backbone network. The
ability to produce a Pt nanoparticle catalyst on a stable sup-
port without a binder, e.g., Nafion, may prevent the Pt from
being blocked. However, it should be pointed out that Pt
particles were deposited on the external surface of SWNT or
CNF rather than the tube/tube contact point, and the volume
of Pt is negligible in the buckypaper. The deposited Pt par-
ticles therefore made little effect on the connection between
tubes which is a critical issue to the mechanical property.

Electrode Performance in a Single Cell

FIG. 9 shows the single cell performance (I-V curve) and
electrode overpotential for the cells using the Pt/SF13 (Cell I)
and the Pt/SF15 (Cell II) as the cathode with a Pt loading of
0.092 mg cm™ and 0.14 mg cm™>, respectively. The cell
outputs measured at 80° C. with a back pressure of 20 psi were
285 mA cm~? for Cell T and 760 mA cm~2 for Cell 11 both at
0.65V. The Pt utilization efficiency in the MEA, defined as the
Pt loading divided by the cell output power at 0.65 V, was 0.5
2, kW~ for the Pt/SF13 cathode and 0.28 g, kW' for the
Pt/SF15 cathode. The much higher Pt utilization achieved by
Pt/SF15 catalyst may due to the fact that the larger pore size
and porosity introduced by more CNFs facilitate the mass

10

15

20

25

30

35

40

45

50

55

60

65

12

transfer in the catalyst layer. The Pt utilization was much
improved, i.e., lower, over the current state-of-the-art value
(0.85-1.1 g, kW) achieved by the conventional Pt/C cata-
lyst. In other words, the MEAs that included a Pt/buckypaper
cathode required significantly less Pt for each kW of electri-
cal power produced. Table 1 summarizes the Pt particle size,
cell output power, Pt loading, and Pt utilization correspond-
ing to buckypaper-supported catalysts. The reported values
for CNT-supported Pt catalysts in the literature are also listed
for comparison.

Pt particle  Cell output at Pt Pt
size 0.65V loading utilization

Cathode (nm) (mA cm™2) (mg cm™2) (gp kW)
Pt/SM15 ~5.9 346 0.124 0.55
buckypaper
Pt/SF13 ~5.7 285 0.092 0.5
buckypaper
PY/CNTs 2.2 8004 0.4 0.77
PY/CNTs ~4 375° 0.25 1.03
Pt/twisted ~4 450% 0.25 0.85
CNFs
PUYMWNTs 3-5 620° 0.5 1.24
Pt/oriented ~2.8 6057 0.2 0.51
CNTs

“Operating condition: Hy/O,, 70° C., 3 atm;
bOperating condition: Hy/O,, 80° C., 1 atm;
“Operating condition: Hy/O,, 80° C., 15 psi;
dOperating condition: Hy/O,, 70° C., 2 atm

Based on the information provided in Table 1, the Pt cata-
lyst showed much higher catalytic efficiency when supported
by the mixed buckypaper supports, even though the electro-
catalytic activity of Pt/CNT improved compared to Pt/C due
to the outstanding properties of carbon nanotubes, i.e. high
electronic conductivity and large transfer rate for reduction of
oxygen. Pt/buckypaper catalyst showed such high Pt utiliza-
tion in spite of the relatively large Pt particles obtained by
electrochemical deposition compared to the reported data in
Table 1. It is believed that the Pt utilization of the Pt/bucky-
paper may be improved to 0.2 g, kW™, which can fulfill the
future requirements of PEMFC electrocatalytsts for automo-
tive application by reducing the Pt particle size to 2-3 nm. In
addition, the mass activity of the Pt catalyst (A mg™ ,,) for an
oxygen reduction rate (ORR) was demonstrated to be almost
doubled when the surface area of Pt increased from 40 m>g~*
to 90 m* g~! (d,~3 nm).

Another explanation for the unexpectedly superior electri-
cal properties of the instant Pt/BP materials is the method in
which they are fabricated. In this new method, a free-standing
buckypaper consisting of CNT was formed. Platinum nano-
particles were then deposited on the buckypaper in a liquid
solution and were not uniformly distributed on the CNT sur-
face. The advantages of a catalytic electrode made with this
new method include: (1) its unique microstructured well-
connected nanotube network provides a pathway for elec-
trons; (2) the Pt is not uniformly distributed on the surface of
each CNT, rather the platinum is electrodeposited on the most
accessible sites in the buckypaper and is not covered by either
CNTs or binder materials; and (3) the open vacancies (pores)
mostly in the meso- to macro-size range can be effectively
covered by Nafion electrolytes, which facilitates the maximi-
zation of the three-phase boundary (TPB) where the electro-
chemical reaction takes place. In addition, the high porosity
of buckypaper also benefits the mass transfer process within
the catalyst layer resulting in further improvement for Pt
utilization. Furthermore, the buckypaper can be made with
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the porosity grading in such a manner that the high porosity at
fuel and air side for anode and cathode catalytic electrodes,
respectively, that benefits the mass transfer; and the low
porosity at membrane side that allows high Pt loading density
at or near membrane interface. The Pt/buckypaper cathode
also showed greater durability in electrochemical oxidation
than the Pt/C cathode, which will be published separately.
Durability Evaluations

Experimental

For the durability study, Pt/buckypaper catalysts were pre-
pared by the electrochemical deposition method described
above. Briefly, SWNT/CNF-mixed buckypaper sheets were
produced first by filtrating an aqueous suspension of SWNTs
(O0.D. 0.8-1.2 nm, L. 100-1000 nm, Carbon Nanotechnolo-
gies Inc.) and CNFs (O.D. 100-200 nm, L. 30-100 pm,
Applied Sciences Inc.) at a mixing ratio of 1:5 (w/w). Plati-
num nanoparticles were electrochemically deposited onto the
buckypaper by applying square current pulses of 15 mA/cm?
with a duty cycle of 1 second/9 seconds from a mixture
solution of 10 mM H,PtCl, 0.1 M H,SO,, and 0.5 M ethyl-
ene glycol. The platinum loading was determined by weigh-
ing the mass difference before and after deposition. The
Pt/buckypaper (BP) catalyst was used as a cathode catalyst
layer in a 5 cm® MEA to evaluate the electrochemical perfor-
mance.

The accelerated degradation tests (ADTs) were carried out
at room temperature in a three-electrode cell setup with a
CT-2000 potentiostat (Arbin) in a 0.5 M H,SO, solution to
mimic polymer exchange membrane fuel cell (PEMFC) con-
ditions. A saturated calomel electrode (SCE) was used as the
reference electrode, and Pt gauze was used as the counter
electrode. All potential values mentioned below refer to the
reversible hydrogen electrode (RHE), unless specifically
indicated.

To prepare the working electrode, a piece of the prepared
Pt/BP material was attached to the top of a glassy carbon (GC)
electrode (0.07 cm?®) by using a drop of 0.5% Nafion solution.
For powder samples, e.g., Pt/Vulcan XC-72, the working
electrodes were prepared by applying the ink to the glassy
carbon electrode. The as-received commercial Vulcan XC-72
(Cabot), Pt/Vulcan XC-72 (E-Tek, 20 wt. %, refer as Pt/C-
pristine) and heat-treated Pt/Vulcan XC-72 (in H, at 500° C.
for 3 hours, refer as Pt/C-500) were used to prepare the ink by
dispersing 7.0 mg Pt/C in 1 mL isopropanol for 30 min. Five
ul catalyst ink was pipetted onto the disk using a micropi-
pette to ensure Pt loading of 0.1 mg/cm?. After the evapora-
tion of isopropanol, 1 pl. Nafion solution (10 mg/ml.) was
applied onto the electrode surface in order to strongly attach
the catalyst particles to the glassy carbon substrate. The elec-
trolyte solution was thoroughly deaerated by bubbling N, gas
continuously during the test.

Two test strategies of ADT were used in this study: 1) a
constant potential (1.2 V) was applied to a working electrode
for 400 hours, and the electrochemical surface area (ECSA)
of catalysts was characterized every 10 hours by using cyclic
voltammetry (CV) from 0 V to 1.35 V at a scan rate of 50
mV/s; and 2) square-wave potential cycles between 0.85 V for
15sand 1.4V for 45 s were applied for extremely accelerated
durability tests. The CV was recorded hourly to monitor the
electrochemical surface area. The morphologies of the cata-
lysts before and after accelerated degradation test (ADT)
experiments were characterized using a transmission electron
microscope (TEM, JEM-2010, JEOL). The electrochemical
oxidation of carbon black (Vulcan XC-72) and buckypaper
was investigated by applying a constant potential of 1.2V on
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both carbon electrodes. Throughout the oxidation process,
CVs were recorded every 10 hrs from 0-1 V at 50 mV/s.

Results and Discussion

Carbon Corrosion

In order to facilitate mass transfer in the catalyst layer,
buckypaper should have high porosity and relatively large
pore size. Thus, a large portion of CNFs (83.3 wt. %) was
added to prepare buckypaper since CNFs are much larger in
diameter and length than SWNTs. Therefore, CNF is consid-
ered to mainly contribute to the corrosion resistance of bucky-
paper due to the high chemical reactivity of small-diameter
SWNTs and the relatively high graphitization of CNFs,
although little data is reported on the electroxidation behavior
of CNFs. Cyclic voltammograms of buckypaper and carbon
black (Vulcan XC-72) after electroxidation at 1.2 V for dif-
ferent durations are showed in FIGS. 10a and 105, respec-
tively. Both figures show that the obvious peaks in the hyd-
roquinone-quinone (HQ-Q) redox region (0.35-0.75 V)
during the anodic scan increased in the peak current through-
out electroxidation.

The current peaks came from the oxidation of quinone
from hydroquinone on the support surface. The amount of
charge due to the above surface oxidation reaction was quan-
titatively obtained by integrating the areas of the HQ-Q peak,
minus the pseudo-capacitance charge, which is shown in FI1G.
10c. This demonstrates that, except at the initial stages of
oxidation, the rate of surface oxidation for buckypaper is
one-half time slower than that of carbon black. Carbon
nanofibers used in this work were high-temperature (3000°
C.) treated stacked-cup nanofibers having morphology of
stacked, truncated conical graphene layers along the fiber
length.

Although not wishing to be bound by theory and while not
necessary for practicing the invention, it is believed that the
unexpectedly improved durability of buckypaper may be
related to some of the following observations. It was deter-
mined that buckypaper yielded more charges at the initial
stage compared to carbon black, which may be due to the
defects on SWNT formed during the purification process in
strong acids. However, further in-depth oxidation becomes
increasingly difficult because the top layers of the CNF
graphene may act as a barrier, preventing the inner basal
planes from being oxidized. Similar phenomena were found
in the electroxidation of multi-wall nanotubes (MWNTs),
which showed a stabilized amount of oxides on the surface
after the initial period. Conversely, carbon black showed pro-
gressive oxidation due to the large amount of amorphous
carbon and discontinuous graphite crystallites in carbon
black, providing abundant sites for electrochemical oxidation
to occur. The Raman spectra of CNF and carbon black, shown
in FIG. 104, reveal that CNF has a larger crystalline size along
the basal plane than carbon black because of the smaller
relative peak intensity ratio of D (disorder-) band to the G
(graphite-) band (I/1.). The electroactive HQ/Q functional
groups reportedly account for only a small fraction (approxi-
mately 3%) of the total surface oxides generated (e.g. car-
boxylic, lactone, etc.) on carbon black, which was detected by
TGA-MS. A very similar trend of oxide increase was found in
the HQ/Q reaction and all oxidizing reactions. Therefore,
SWNTs/CNFs mixture buckypaper are unexpectedly more
resistant to electrochemical oxidation than Vulcan XC-72
carbon black under the same simulating fuel cell condition.

Accelerated Durability Test

ADT was carried out in a three-electrode cell with an
aqueous solution of 1 M H,SO,, which mimics the environ-
ment of the electrode-membrane interface on the cathode
side. Since the electrode was completely immersed in the
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electrolyte in the experiments, the entire active surface of the
catalyst could take part in the electrochemical reactions,
while only the catalyst on the interface of the membrane and
electrode was active in a membrane electrode assembly
(MEA). Therefore, the deterioration of the catalyst was accel-
erated under this specific condition.

The representative cyclic voltammograms of Pt/BP, Pt/C-
pristine, and the Pt/C-500 electrode during ADT are shown in
FIGS. 11a, 115, and 11¢, respectively. The electrochemical
surface area (ECSA) is an important parameter to character-
ize the catalytic activity of electrodes. ECSA is determined by
integrating the H,-adsorption peak in the hydrogen region
(0.05 10 0.4 V) of the voltammograms with the subtraction of
the current due to double-layer charging. The ECSA for the
Pt/BP was calculated as 40.7 m*/g before the ADT, while 75.7
m?/g was calculated for the Pt/C-pristine and 51.8 m*/g for
the Pt/C-500. The smaller ECSA for Pt/BP is due to the
relatively large Pt particles deposited on the buckypaper by
electrochemical deposition.

FIG. 11d shows the ECSA degradation over time, which is
normalized with the initial ECSA value. The Pt/BP catalyst
clearly exhibited a much slower degradation rate of ECSA
than the other two catalysts. For example, only 15% of the Pt
surface area was lost for the Pt/BP after a 200-hour oxidation
treatment, while about half of the Pt surface area was lost for
the carbon black-supported Pt. After a 400-hour ADT, the
Pt/BP still remained at 57% ECSA of the Pt, which was,
however, with only 15% and 24% remaining in the Pt/CB-
pristine and Pt/CB-500, respectively.

FIGS. 12a, 12b and 12¢ (low magnification) show TEM
images of the Pt/BP catalysts taken before and after the ADT,
while FIGS. 13 and 14 show corresponding images for the
Pt/CB-pristine and Pt/CB-500, respectively. The Pt size dis-
tributions obtained from the image analysis of 150 randomly
selected Pt particles before and after the ADT were shown in
FIGS. 124, 13d, and 14d for the three catalysts. The average
Pt particle size in Pt/BP is 5.4 nm which is about two-fold of
that in the Pt/CB-pristine and results in a smaller electro-
chemical surface area as shown in FIGS. 10a and 105.

It can be seen in FIG. 124 that some Pt nanoparticles
agglomerated on the SWNT/CNF surface before the ADT, yet
the particle edges are well-defined. It appears that the Pt
nanoparticles were stacked together, rather than coalesced in
the agglomeration because there is no necking region
observed between the particles. After ADT, the stacked Pt
particles tended to be sintered together, since the obvious
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Thus, the loss of the Pt surface area is mainly due to Pt
coarsening and the disappearance of Pt from the supports.
The Pt loss from the supports could be approximated by
comparing the ECSA (A;) measured by the CV and the
theoretically calculated chemical surface area of Pt. The
chemical surface area (A,) of Pt can be calculated by assum-
ing that all particles are spherical in shape with the following
equation:

@)

surface area xD? 6

T mass B pD

1
gnD3p

where D is an average diameter of Pt particles. The average
diameter was calculated using the volume/area average diam-
eter (D, ), which is defined by the following equation;

®

n
n

Dy = E D?/ZD?
= i=1

The relationship between the chemical surface area and the
ECSA (Ay) before ADT may be described as follows:

Ap/NA, (6)

where A is the Pt usage indicating how many surface Pt
atoms are active in electrochemical reactions. A portion of Pt
was lost from the electrode after the ADT, which no longer
contributed to the ECSA. ECSA may be calculated through
the following equation if A is considered unchanged;
Ap=(1-kyrd’, M
where k indicates how much Pt is lost, A'; and A', are the
ECSA and chemical surface areas obtained after ADT,
respectively. Therefore, the Pt loss can be estimated as:

k=1-A4'gd SApd ' =1-A gD /A5D, ®)

where D', is the volume/area average diameter after the
ADT. Table 2 summarizes the calculated results.

Electrochemical surface Volume/area average Pt loss from
area (m>/g) Average diameter (nm) diameter (nm) substrate
Sample Before ADT  After ADT  Before ADT  After ADT Before ADT  After ADT (%) after ADT
PtUBP 40.7 23.1 5.4 6.7 6.1 8.8 18 (29%)
Pt/CB-pristine 757 11.3 2.6 5.1 3.2 6.7 69 (71%)
PY/CB-500 51.8 12.3 3.9 5.8 4.5 7.4 61 (65%)

*In Table 2, the Pt loss from substrate was calculated using Equation 8 where average diameter was adopted.

necked region between the particles can be found in FIG. 125.
The average Pt particle size consequently increased from 5.4
nm to 6.7 nm. In the case of the carbon black-supported Pt
catalyst, more severe Pt coarsening occurred after the ADT,
e.g. Pt size increased from 2.6 nm to 5.1 nm for the Pt/C-
pristine and from 3.9 nm to 5.8 nm for the Pt/C-500. The
necked Pt particles could also be easily observed in the Pt/C-
pristine (FIG. 13¢) and Pt/C-500 (FIG. 14¢) catalyst after the
ADT.

60

65

The Pt losses from substrates after ADT were calculated as
18% for Pt/BP, 69% for Pt/CB-pristine, and 61% for Pt/CB-
500. It was estimated that 41% ECSA loss in Pt/BP was
attributed to the Pt loss from substrates which resulted in
approximately 80% ECSA loss in carbon black supported Pt.
The remaining parts of ECSA losses due to Pt coarsening
were respectively 59% for Pt/BP, 20% for Pt/CB-pristine, and
Pt/CB-500. Pt loss from substrates is therefore the major
reason for Pt ECSA loss.
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Only 18% of Pt was lost from the buckypaper after a
400-hour oxidation experiment, while about two-thirds of the
Pt disappeared from the carbon black supports. This substan-
tial loss of Pt could be visually observed from the TEM
images (FIGS. 13¢ and 14¢). The Pt particle distribution was
extremely uneven, specifically, a large number of carbon
black particles with few Pt particles can be found in those
images. It is reasonable to believe that the low ECSA degra-
dation rate of Pt/BP is due to not only the mild Pt coarsening
but also the difficulty to lose Pt from buckypaper supports. Pt
is assumed to be lost from the supports because of Pt disso-
Iution in the electrolyte and Pt detachment from the supports.

Darling et al. showed that the Pt dissolution is negligible at
both low (0.87 V) and high (1.2 V) potentials, but is signifi-
cant at intermediate potentials, (1.05 V) or with potential
cycling. See R. M. Darling and J. P. Meyers, J. Electrochem.
Soc., 152, A242 (2005); R. M. Darling and J. P. Meyers, J.
Electrochem. Soc., 150, A1523 (2003). The modeling and
experimental data reported by Darling et al. indicated that, at
lower potentials, the solubility of Pt in acid was quite low,
while at higher potentials, the platinum oxide on the Pt sur-
face with high coverage insulated the particle and protected it
from dissolution. In contrast, in the experiments disclosed
herein there is not much difference of Pt loss from substrate
observed between the pristine Pt/C and heat-treated Pt/C,
although the Pt particle size increased from 2.6 nm to 3.9 nm
after a heat treatment at 500° C. for 3 hours in hydrogen. The
difference should be significant if the Pt dissolution mainly
contributes to Pt loss, since the Pt dissolution rate is strongly
dependent on particle size, according to theoretical modeling
for size effects on Pt dissolution.

The strong dependence of Pt dissolution rate on size was
also observed in the ADT under potential cycling with a very
high upper potential (1.4 V) (FIG. 15) in our experiments.
Under this condition, the Pt dissolution was greatly enhanced
and became dominant in all mechanisms of the Pt surface area
loss. The rate of Pt loss decreased one-third for the Pt/C after
the heat treatment because of the increase of particle size,
which is still 1.5 times faster than that for the Pt/BP. Consid-
ering the comparable rate of Pt loss for Pt/C-pristine and
Pt/C-500 in the first durability test, it can be concluded that Pt
dissolution cannot account for most of the Pt loss. Therefore,
it is believed that the much lower rate of Pt loss in Pt/BP is
mainly due to lower rates of platinum detachment from the
buckypaper support.

The detachment of Pt particles from catalyst support is
generally induced by carbon corrosion, since the reduction of
carbon content by corrosion may weaken the interaction
between the Pt and carbon support. As previously discussed,
the buckypaper unexpectedly showed higher corrosion resis-
tance, compared to the carbon black due to the higher graphi-
tization degree, which is believed to have resulted in stronger
Pt-support interaction and a smaller reduction of carbon dur-
ing corrosion. This appears to be the mechanism explaining
the unexpectedly reduced occurrence of Pt particle detach-
ment from the buckypaper support compared to other Pt/C
approached.

Platinum coarsening was another major reason for Pt sur-
face area loss in the Pt/buckypaper. FIG. 125 shows that a
great deal of large Pt particles formed a necked region after
the ADT. The high-resolution TEM (HRTEM) image (FIG.
16) clearly shows that the necked region was formed by the
combination of several individual crystals of platinum. Dueto
the low Pt dissolution rate at 1.2 'V, the Pt coarsening appears
mainly due to the Pt coalescence, rather than Pt ripening. By
taking advantage of the high graphitization degree of bucky-
paper, a slower Pt coarsening rate is expected in the Pt/BP. For
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the Pt/C catalyst, the corrosion of carbon black support may
facilitate crystal migration, resulting in the coalescence of Pt
nanoparticles, which could be found in FIGS. 135 and 145.

Although the Pt particles in the Pt/BP composite are rela-
tively large, excellent cell performance and Pt utilization
were achieved by using Pt/BP as a cathode layer due to the
unique microstructure of Pt/buckypaper. In the Pt/buckypa-
per composite, Pt particles are located on the external surface
of the carbon nanotube/nanofiber network, which ensures
that the catalyst particles occupy the most efficient contact
zones for the electronic and electrolytic pathways. Most of
the Pt surface would be the catalytic activation sites for ORR,
resulting in a very high Pt utilization. The electrochemical
surface area of Pt measured in a single cell for Pt/BP is
comparable to that of Pt/C despite the fact Pt particle size in
Pt/BP composites is two times larger than that of Pt/C due to
the high Pt utilization in BP. Just as importantly, the high
porosity of buckypaper also benefits the mass transfer process
within the catalyst layer, resulting in further improvement for
cell performance. The durability of Pt/composite BP in a
single cell has been tested at 95° C. by holding cell potential
at 1.2 'V with N, feeding into the cathode. The results showed
a much slower ECSA loss rate for Pt/BP compared to the
Pt/CB. For example, there is a 50% ECSA loss for the Pt/BP
cathode after 100-hour operation compared to a 60% ECSA
loss for Pt/C after 30 hours.

The foregoing description of preferred embodiments ofthe
invention has been presented for the purposes of illustration.
The description is not intended to limit the invention to the
precise forms disclosed. Indeed, modifications and variations
will be readily apparent from the foregoing description.
Accordingly, it is intended that the scope of the invention not
be limited by the detailed description provided herein.

We claim:

1. A membrane electrode assembly (MEA) for a fuel cell,
comprising

a proton exchange membrane; and

a catalyst layer comprising a plurality of catalyst nanopar-

ticles disposed on buckypaper, said buckypaper com-
prising a mixture of (a) at least one of single-wall nano-
tubes and small diameter multi-wall carbon nanotubes
and (b) carbon nanofibers, wherein the ratio of (a) to (b)
ranges from 1:2 to 1:20, and wherein a surface area
utilization efficiency of said plurality of catalyst nano-
particles is at least 70%.

2. The membrane electrode assembly according to claim 1,
wherein said buckypaper comprises at least a first and a
second layer.

3. The membrane electrode assembly according to claim 2,
wherein said first and second layers are different; and

said second layer comprises: multi-wall nanotubes, carbon

nanofibers, or both.

4. The membrane electrode assembly according to claim 3,
further comprising a gas diffusion layer associated with said
catalyst layer, wherein said gas diffusion layer comprises said
second layer of said buckypaper.

5. The membrane electrode assembly according to claim 1,
wherein said catalyst layer is formed by depositing said plu-
rality of catalyst nanoparticles on said buckypaper after said
buckypaper has been formed.

6. The membrane electrode assembly according to claim 1,
wherein said catalyst layer comprising 1% or less binder
following deposition of the catalyst nanoparticles.

7. The membrane electrode assembly according to claim 1,
wherein said catalyst nanoparticles comprise platinum.
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8. The membrane electrode assembly according to claim 7,
wherein a catalyst utilization efficiency of said plurality of
platinum comprising nanoparticles is 0.50 g, /kW or less.

9. The membrane electrode assembly according to claim 1,
wherein said catalyst layer is a cathode catalyst layer.

10. A method of fabricating a membrane electrode assem-
bly for a fuel cell according to claim 1, the method compris-
ing:

producing the catalyst layer, said producing step compris-

ing:

forming the buckypaper, said forming step, comprising

dispersing the mixture in a liquid and removing the
liquid; and

depositing the catalyst nanoparticles on said buckypaper,

wherein said buckypaper comprises binder in an amount
of 1 wt-% or less following said forming step.

11. The method according to claim 10, wherein said form-
ing step occurs before said depositing step.

12. The method according to claim 10, wherein said cata-
lyst nanoparticles are deposited by a technique selected from

20

the group consisting of electrochemical deposition, sputter-
ing deposition, and supercritical deposition.
13. The method according to claim 10, further comprising:
producing a gas diffusion layer (GDL) associated with said
5 catalyst layer, said producing a GDL step comprising:
forming a GDL buckypaper layer, said forming a GDL
buckypaper layer step, comprising dispersing a plu-
rality of nanomaterials in a liquid, and removing the
liquid, wherein said nanomaterials comprise materi-
als selected from the group consisting of large diam-
eter multi-wall nanotubes, carbon nanofibers, and
combinations thereof.
14. The method according to claim 10, wherein said GDL
buckypaper layer is formed on said buckypaper; or
wherein said buckypaper is formed on said GDL buckypa-
per layer.
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