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CATALYTIC ELECTRODE WITH GRADIENT POROSITY AND CATALYST
DENSITY FORFUEL CELLS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001}] The United States Government has rights in this invention pursuant {0 confract no.
023106 between the U.S. Army Communications-Electronics Research, Development, and

Engineering Center and Florida State University.,

FIELD OF THE INVENTION
[0002] The present invention is related to the field of membrane electrode assemblies for

proton exchange membrane fuel cells.

BACKGROUND OF THE INVENTION
[0003] 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 environmental
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 substituting for
conventional power sources.
[0004] Notwithstanding the advantages afforded by increased utilization 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 including the precious metal cost. For

transportation applications, U.S. Department of Energy (DOE) has set a 20135 technical target for
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the electrocatalysts which is generating a rated power of 1 W/em? with a total Pt loading of 0.2
mg/em” resulting in a Pt utilization of 0.2 gpvkg. U.S. Dept. of Energy, Hydrogen, Fuel Cell &
Infrastructure Technologies Program Multi-Year Research, Development and Demonstration
Plan (2007). This level of utilization will have substantial benefits, including a substantial cost
reduction due to reduced amounts of platinum (Pt) required for the same or improved fuel cell
output. 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.
[0005] 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
cotresponding fraction of Pt is therefore not utilized since the electrochemical reactions cannot
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.

[6006] More recently, carbon nanotubes and nanofibers have been examined as possible
catalyst supports in proton exchange membrane fuel cells (PEMFCs) because carbon
nanomaterials typically exhibit high conductivity and large specific surface areas. Additionally,
such carbon nanomaterials possess relatively low microporosity and typically exhibit excellent
resistance to electrochemical corrosion.

[0007] 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) or

carbon nanofibers (CNFs) in a binder, such as Teflon or Nafion, to form a slurry that is then used
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to coat the gas diffusion layer. A significant problem inherent in the conventional process,
however, is that the addition of the binder during the fabrication stage tends to isolate carbon
nanotubes in the ¢lectrocatalyst layer, leading to poor electron transport and degradation or

elimination of the Pt active surface.

SUMMARY OF THE INVENTION
[0008] In view of the foregoing background, it is therefore a feature 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 layered buckypaper film with catalyst nanoparticles disposed on or near one
of buckypaper surfaces for a tailored gradient structure. As used herein, the term “buckypaper”
is used to refer to a film-like, stable composite comprising a web of single-wall carbon nanotubes
(SWNT), multi-wall carbon nanotubes (MWNT), carbon nanofibers (CNF), or a combination
thereof. The buckypaper - nanoparticle catalyst composite is applied as a catalyst layer of the
MEA.
{0009] A particular feature of the MEA, according to the invention, is the gradient pore size
distribution and catalyst nanoparticle distribution based on layered buckypaper film (LBP) with
at Jeast a first layer and a second layer. The LBP can be fabricated with carbon nanotubes,
nanofibers, or a mixture thereof, with little or no binder.
[0010] The microstructure of the LBP can be tailored by adjusting the starting materials and
nanoparticle 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 LBP to thereby maximize the three-phase
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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 a
longer service life, as compared to conventionally-fabricated fuel cells.

[001%] In one embodiment, the MEA disclosed herein can include a proton exchange
membrane and a gradient catalyst structure. The gradient catalyst structure can include a
plurality of catalyst nanoparticles disposed on layered buckypaper, which can include at least a
first layer and a second layer. The catalyst structure can include a gradient structure such that the
first layer of the layered buckypaper has a lower porosity compared to the second layer of the
layered buckypaper. The MEA can have a catalyst utilization efficiency of the plurality of
catalyst nanoparticles of .35 g../kW or less.

[0012] The first layer of the layered buckypaper can include a mixture of single-walled
carbon nanotubes (SWNTs) and carbon nanofibers (CNFs), and the second layer of the layered
buckypaper can include CNFs.

[0013] The plurality of catalyst nanoparticles can be deposited on the layered buckypaper
after the layered buckypaper is formed. The plurality of catalyst nanoparticles can include
platinum (Pt). The catalyst layer can also include a perfluorinated sulfonic acid resin, deposited
on the layered buckypaper after the layered buckypaper is formed.

[0014] These and other embodiments are described in more detail below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] 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.
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[0016] FIG 1 is a schematic of an exemplary proton exchange membrane fuel cell (PEMFC),
including a membrane electrode assembly (MEA).

[0017] FIGS. 2(a)-(d) are tmages of an exemplary layered buckypaper and energy-dispersive
X-ray data, where FIG. 2(a) is a scanning electron microscopy (SEM) image of a cross-sectional
view of an exemplary layered buckypaper; FIG. 2(b} is an energy-dispersive X-ray spectroscopy
(EDS) analysis of the layered buckypaper of F1G. 2(a);, FIG. 2(c} is a surface image of the first
layer of the layered buckypaper of FIG. 2(a); and IIG. 2(d) is a surface image of the second layer
of the layered buckypaper of FIG. 2(a).

[0018] FIG. 3 1s a cell polarization curve and power density as a function of current density
for a MEA with an exemplary gradient catalyst structure as a cathode catalyst layer.

[0019] FIG. 4(a} is a cell polarization curve and power density as a function of current
density for an MEA with an exemplary gradient catalyst structure.and cell polarization curves
and power density as a function of current density for two conventional MEAs.

[0020] FIG. 4(b) is a graph of the voltage versus mass activity for the MEAs of FIG 4(a).
[6621] FIG. 4(c) is electrochemical impedance spectroscopy (EIS) data for the MEAs of FIG
4(a).

[0022] FIG. 5 15 a graph of polarization curves at different operation times for a fuel cell with
an exemplary MEA.

[0023] FIG. 6(a) 1s a transmission electron microscopy (TEM) image of an exemplary
layered buckypaper.

[0024] FI1G. 6(b) 13 a Pt particle size distribution for the exemplary layered buckypaper of

FIG 6(a).
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[0025] F1G. 7{a) and 7(b) are graphs of electrochemical characteristics of an exemplary
MEA and a conventional MEA,

[0026] FIG. 8(a) is electrochemical impedance spectroscopy (EIS) data for an MEA with an
exemplary gradient catalyst structure and two conventional MEAs.

[00627] FIG 8(b) is a modified Randles—Ershler equivalent circuit model for the EIS data of

FIG. 8(a).

DETAILED DESCRIPTION
[0028] A newly-designed membrane electrode assembly (MEA) for a fuel cell with a
gradient catalyst structure and a method for fabricating the same are disclosed. The membrane
electrode assembly utilizes layered carbon nanomaterial buckypaper with catalyst nanoparticles.
The layered buckypaper can be fabricated with gradient pore size distribution, gradient porosity,
gradient electrolyte concentration, and/or gradient catalyst nanoparticle distribution.
[0029] As used herein, “nanoparticle” refers to a particle having a major axis length of less
than 300nm. The major axis length can be less than 200nm, or less than 100 nm. The catalyst
nanoparticles described herein can have a major axis length ranging from 0.1 nm to 100 nm, or
0.1 nm to 50 nm, or I nm to 25 nm, or ! nm to 10 nm.
[0030] Figure 1 shows an exemplary proton exchange membrane fuel cell (PEMFC) 100 for
use in connection with the membrane electrode assembly disclosed herein. The MEA 110 can
include an anode catalyst layer 120, a proton exchange membrane 130 and a cathode catalyst
layer 140. The proton exchange membrane 130 serves as an electrical insulator separating the
anode catalyst Jayer 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
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cathode gas diffusion laver 160. The anode catalyst layer 120 and cathode catalyst layer 140 can
be electrically connected to an electromechanical device 170 enabling electrons to flow from the
anode catalyst layer 120 through the electromechanical device 170 to the cathode catalyst layer
140. Exemplary clectrochemical devices 170 include, but are not limited to, motors, electrical
outlets, and energy storage devices, such as batteries and capacitors.

[0031] I one example, the anode side 180 of the PEMFC 100 is designed to bring a fuel gas
190, such as hydrogen (I5), into contact with the anode catalyst layer 120. The used fuel 200 is
then exhausted from an outlet of 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 240. The mixture of air and water 230 flows out of the cathode side 210, while
the excess heat 240 can be removed using water, cooled air, or other heat exchange techniques.
It will be understood that while an exemplary PEMFC has been disclosed, there are other designs
for PEMFCs with which the MEA disclosed herein can be used.

[0032] As shown in Figure 1, the anode catalyst layer 120 and cathode catalyst layer can be
disposed on opposite sides of the proton exchange membrane 130. The anode catalyst layer 120
can be disposed between the anode gas diffusion layer 150 and the proton exchange membrane
130. The cathode catalyst layer 140 can be disposed between the cathode gas diffusion layer 160
and the proton exchange membrane 130. The anode catalyst layer 120 and anode gas diffusion
layer 150 can be separate or integrally formed. The cathode catalyst layer 140 and cathode gas
diffusion layer 160 can be separate or integrally formed.

[0033] The MEA catalyst structure can include catalyst nanoparticles (for example, Pt) and

solid electrolytes, e.g., polymer, distributed within the cathode catalyst layer 140 and/or anode
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catalyst layer 120 near the respective interfaces with the proton exchange membrane 130 and/or
on the external surface of catalyst agglomerates in order to enhance the active sites and reduce
the proton transport resistance. In addition, the MEA can include small Pt/C agglomerates to
facilitate reactants reaching active sites.

[0034] The membrane electrode assembly (MEA) disclosed herein ean include a proton
exchange membrane 130 and an electrode layer 120 and/or 140 that includes a gradient catalyst
structure comprising layered buckypaper with a plurality of catalyst nanoparticles disposed
thereon. The layered buckypaper can have at least a first layer and a second layer, in which the
first [ayer has a lower porosity than the second layer. The MEA can have a catalyst utilization
efficiency of at least 0.4 g /kW or less, 0.35 gea/kW or less, 0.3 gea/kW or less, or 0.25 ge/kW
or less, or 0.2 ge./kW or less, Relative to conventional MEAs, the MEA according to the design
disclosed herein has an improved catalyst utilization efficiency at the electrodes, a higher power
output, and better resistance to oxidation, as well as longer service life.

[0035] As used herein, the term “buckypaper” is used to refer to a film-like, stable composite
comprising a web of single-wall carbon nanotubes (SWNT)}, multi-wall carbon nanotubes
{(MWNT), carbon nanofibers (CNF), or a combination thereof. In the embodiments disclosed
herein, the buckypaper can be stabilized largely by entanglement of flexible single-wall
nanotubes and/or small diameter multi-wall nanotubes around larger, more rigid nanofibers
and/or the large diameter multi-wall nanotubes.

[0036] Layered buckypaper can include at least two layers which are comprised of different
nanomaterials, different combinations of nanomaterials, or different dispersions of

nanomaterials. Nanomaterials can include at least nanotubes or nanofibers.
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[6037] As used herein, the terms "carbon nanotube" and the shorthand "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. Single-wall nanotubes can have a diameter of
less than 5 nanometers and a length between 100-1000 nanometers. Multi-wall nanotubes are
multi-walled 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 are
cylindric nanostructures with graphene layers arranged as stacked cones, cups or plates and can
have a diameter from 50 nanometers to 200 nanometers and a length from 30 to 100
micrometers.

[0038] As used herein, the term "small diameter MWNT" refers to multi-wall nanotubes
having a diameter of 10 nm or less, and the term "large diameter MWNT" refers to multiwall
nanotubes having a diameter of more than 10 nm. Small diameter MWNT can have a diameter
of at least 0.1 nm.

16039] As used herein, “porosity” is the ratio — represented as a percentage - of the volume
of the pores or interstices of a material or layer to the total volume of the material or layer. The
porosity of the first layer of the layered buckypaper can be at least 5%, 10%, 15%, 20%, 30% or
40% lower than the porosity of the second layer of the layered buckypaper. For example, the
porosity of the first layer can be 75%, while the porosity of the second layer can be 80%, such
that the porosity of the first layer is 5% lower than the porosity of the second layer. Exemplary
methods of measuring porosity include mercury intrusion porosimetry, gas adsorption methods,

optical methods, and direct methods.
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[0040] The layered buckypaper microstructure can be tatlored by adjusting the starting
materials and nanomaterial dispersion to achieve a target porosity, pore size, surface area and
electrical conductivity. For example, the gradient catalyst structure of the MEA can include
layered buckypaper with at least a first layer and a second layer. The first layer can include a
mixture of small-size and large-size nanomaterials, in which (i) the small-size nanomaterials can
include single-walled carbon nanotubes, small diameter multi-wall nanotubes, or both, and (ii)
the large-size nanomaterials can include carbon nanofibers, large diameter multi-wall nanotubes,
or both. The second layer can include carbon nanofibers, large diameter multi-wall nanotubes,
or both. In addition to the carbon nanofibers or large diameter multi-wall nanotubes or both, the
second layer can also include single-walled nanotubes or large diameter multi-wall nanotubes or
both.

[0041] Thus, the cathode catalyst layer 140, anode catalyst layer 120, or both can include a
layered buckypaper, i.e., gradient catalyst structure. The first layer of the layered buckypaper
can include a mixture of single-walled nanotubes and carbon nanofibers and the second layer can
include carbon nanofibers. The percent porosity of the first layer can be at least 5 percentage
points lower, at least 10 percentage points lower, at least 15 percentage points lower, or at least
20 percentage points lower than the percent porosity of the second layer. The percent porosity of
the first layer can be no more than 40 percentage points lower, no more than 35 percentage
points lower, or no more than 30 percentage points lower than the percent porosity of the second
layer. For example, the porosity of the first layer can be 40% and the porosity of the second
layer can be 80%, which means the porosity of the first layer is 40 percentage points lower than

the second fayer.

10
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[06042] The catalyst nanoparticles can include platinum, iron, nitrogen, nickel, carbon, cobalt,
copper, palladium, ruthenium, rhodium, and combinations thereof. The catalyst nanoparticles
can be platinum or platinum(111) or PtsNi(111).
{0043] The catalyst nanoparticles can be distributed on the layered buckypaper such that a
first weight percentage of the catalyst nanoparticles 1s disposed on the first layer and a second
weight percentage of the catalyst nanoparticles is disposed on the second layer. The first and
second weight percentages can be calculated by any suitable means. For example, the first
weight percentage can be the weight of catalyst nanoparticles disposed on the {irst layer divided
by the total weight of the first layer of the buckypaper. The first weight percentage of the
catalyst nanoparticles can be at least 5 wt-%, 10 wt-%, 15 wt-%, 20 wt-%, 30 wt-% or 40 wt-%
higher {by weight percentage) than the second weight percentage. This value can be measured
using the following formula:

(first wt-% — second wt-%)/(first wi-% + second wt-%) * 100%
Thus, if the first weight percentage is 5 wt-% and the second weight percentage is 2.5 wt-%, the
first weight percentage is 33.3 wt-% higher (100% * (5-2.5)/(5+2.5)) than the second weight
percentage.
[0044] The MEA can include Pt as the plurality of catalyst nanoparticles disposed on the
layered buckypaper (Pt/LBP) of the anode or cathode catalyst layers 120 and 140, respectively.
Figure 2 shows images of an exemplary gradient catalyst structure of Pt/LBP in which the first
layer includes SWNTSs and CNFs and the second layer includes only CNFs. Figure 2(a) is a
SEM image of the LBP, showing the thin first layer (~ 5 pm) on the left having a lower porosity
and average pore size compared to the second layer on the right. Figure 2(b) is an EDS analysis

of the Pt/LBP showing the density distribution of Pt. Most of the Pt nanoparticles are deposited

11
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on the surface of SWNTs/CNFs network within the first layer by a coating process. Figure 2(c)
is a surface image of the first layer (SWNT/CNF mixture), showing a large amount of Pt
nanoparticles deposited on the surface, while Figure 2(d) is a surface image of the second layer
(CNF), showing fewer Pt nanoparticles deposited on the surface.

[0045] The gradient catalyst structures of the anode and cathode catalyst layers 120 and 140
can also include a solid catalyst such as ionomers. Exemplary ionomers include perfluorinated
sulfonic acid resin. The solid catalyst can be applied after the layered buckypaper with the
plurality of catalyst nanoparticles is formed. The perfluorinated sulfonic acid resin can also be
distributed with a concentration gradient along the thickness of the layered buckypaper. It has
been determined that maintaining a proper catalyst and electrolyte loading ratio can be a key
issue to achieving superior catalyst utilization. Accordingly, the first layer of the LBP can be
rich in both catalyst nanoparticles and perfluorinated sulfonic acid resin and the second layer of
the LBP can have lower concentrations of catalyst nanoparticles and perfluorinated sulfonic acid
resin. Perfluorinated sulfonic acid resins useful in the MEAs disclosed herein include those sold
by E. I. Du Pont De Nemours and Company under the NAFION mark, those sold by Dow
Chemical under the DOW mark, those sold by Asahi Glass under the FLEMION mark, those
sold by Asahi Chemical under the ACIPLEX mark, or any other suitable perfluorinated sulfonic
acid resin substitute.

[0046] The MEA can include a proton exchange member 130, a gradient catalyst structure
120 and/or 140, and a gas diffusion layer (GDL) 150 and/or 160. The gradient catalyst
structure(s) can include a plurality of catalyst nanoparticles disposed on layered buckypaper in
which the layered buckypaper has at least a first layer and a second layer, the first layer can have

a lower porosity than the second layer, and the MEA can have a catalyst utilization efficiency of

12
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at least 0.3 gea/kW or less. The gradient catalyst structure 120 and/or 140 can be oriented such
that the first layer of the layered buckypaper 120 and/or 140 contacts the proton exchange
membrane 130 and the second layer of the layered buckypaper contacts the gas diffusion layer
150 and/or 160.

[6047] The membrane electrode assembly can incorporate the gradient catalyst structure as
the cathode, the anode, or both. Preferably, the MEA includes the gradient catalyst structure
disclosed herein as at least a cathode layer.

[0048] Advantages of the gradient catalyst structure disclosed herein include: (1) the catalyst
nanoparticles are located on the most accessible external surface of the layered buckypaper to
maximize the catalyst utilization efficiency; (2) the pore size of the gradient catalyst structure
generally range from meso- to macro-size, allowing effective coverage by perfluorinated sulfonic
acid resin electrolytes, which facilitates the maximization of the three-phase boundary where the
electrochemical reaction takes place; and (3) the well-connected porous nanomaterial network
can ensure a pathway for mass and charge transfer. It has been unexpectedly discovered that the
gradient catalyst structure with non-uniform, i.e., gradient, distribution of catalyst nanoparticles,
porosity distribution and solid electrolyte, e.g., perfluorinated sulfonic acid resin, can greatly
improve cell performance and catalyst utilization efficiency.

[0049] While not necessary for practicing the invention, it is believed that the
aforementioned benefits result, af least in part, because at the interface between the first layer of
the gradient catalyst structure of the catalyst layer(s) 120 and/or 140 and the proton exchange
membrane 130, most of the catalyst nanoparticles are distributed close to the proteon exchange
membrane 130 resulting in a shortened migration path of proton for accessing the catalyst. A

higher solid electrolyte, e.g., perfluorinated sulfonic acid resin, loading also increases the contact

13
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area between the electrolyte phases in the two media. The proton transport limitation of proton
is thereby improved in both ways. Furthermore, at the interface between the second layer of the
gradient catalyst layer 120 and/or 140 and the gas diffusion layer 150 and/or 160, respectively,
larger pores and a lower solid electrolyte loading decrease the probability of a blockage of pores
by the solid electrolyte. This facilitates gas diffusion and water removal through the gas
diffusion layer 150 and/or 160. Another advantage is that the good chemical stability of the first
layer, e.g., a CNT/CNF layer, can greatly enhance the electrode corrosion resistance, resulting in
a more stable electrode.

[6050] An unexpected feature of the MEAs 110 disclosed herein is that they exhibit superior
utilization of the catalyst disposed on the layered buckypaper of the gradient cathode and/or
anode catalyst layer 140 and/or 120. Two measurements of catalyst efficiency of interest include
(1) the surface area utilization efficiency, and (ii) the catalyst utilization 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 catalyst layer
disclosed herein can be 0.50 gPt/kW or less, or 0.45 gPt/kW or less, or 0.40 gPt/kW or less, or
0.35 gPt/kW or less, or 0.30 gPt/kW or less, 0.25 gPvkW, or 0.20 gPt/kW or less.

[0051] 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 in an MEA at a temperature of 80°C
with a back pressure of 20 psi for fuel and oxidant gases.

[0052] 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
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real surface area, as calculated by Formula (2), infra. Formula (1) is the Scherrer formula, as

shown below:

0.94

Dlom) = B, cosd

(1)

where D) is the mean size of the Pt particles, / is the X-ray wavelength (Cu Ka line at A=1.542A),

B, is the half-peak width for Pt (111) in radians, and & is the angle corresponding to the (111)

peak. The real surface area of Pt can be calculated by assuming that all particles are in uniform

spherical shape with the following equation:

X 2
S = surface ared _ D _ 6 @)

mass “é‘ﬁD3P oD

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

[0053] The invention is also drawn to a method of fabricating a membrane electrode
assembly for a fuel cell. The method can include producing a gradient catalyst structure by
forming layered buckypaper and then depositing a plurality of catalyst nanoparticles on the
layered buckypaper. The layered buckypaper can include at least a first layer and a second layer
and the first layer can have a lower porosity than the second layer.

[0054] The layered buckypaper can include nanomaterials, such as SWNTs, MWNTs, CNFs
or mixtures thereof. The first layer can include a mixture of small-size nanomaterials and large-
size nanomaterials and the second layer can include large-size nanomaterials, as previously
described. The plurality of catalyst nanoparticles can be deposited on the layered buckypaper
using a variety of techniques including, but not limited to, electrochemical deposition, sputtering

deposition, supercritical deposition and chemical reduction.
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f0055]  The gradient catalyst structure can be formed by depositing a plurality of catalyst
nanoparticles on the layered buckypaper after the layered buckypaper has been formed. The
layered buckypaper can be formed using less than 1 wt-% binder, such as TEFLON or NAFION,
or less than 0.5 wt-%, or less than 0.25 wt-%, or less than 0.1 wt-%. By depositing the catalyst
nanoparticles atter the layered buckypaper is formed with minimal binder, the catalyst
nanopatticles can be directly deposited at the most efficient sites directly on the layered
buckypaper for maximizing the three-phase reaction coefficient. As used herein, “binder” is
used to refer to compounds and compositions used to create adherence between the
nanofilaments forming the buckypaper that are added during the formation of the buckypaper.
Exemplary binders include perfluorinated polymers, such as those sold by E. 1. Du Pont De
Nemours and Company under the TEFL.ON mark, and perfluorinated suifonic acid resins, such
as those seld by E. . Du Pont De Nemours and Company under the NAFION mark.

0056} Once formed, the gradient catalyst structure can be incorporated into the membrane
exchange assembly 110, For example, the anode catalyst layer 120, cathode catalyst layer 140,
or both, can be pressed onto the proton exchange membrane 130, A solid electrolyte, such as
NAFION, can be applied to the gradient catalyst structure(s) 120 and 140 and/or the proton
exchange membrane 130 prior to or after combining the components into the membrane
exchange assembly 110. When applied to the gradient catalyst structure(s) 120 and/or 140
following formation of the layered buckypaper, the solid electrolyte, e.g., a perfluorinated
sulfonic acid resin, serves to enhance proton conductivity from the catalyst nanoparticles of the
anode catalyst layer 120 through the proton exchange membrane 130 to the cathode catalyst

layer 140. Unexpectedly, the incorporation of the solid electrolyte at this point in the process
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enables substantially higher surface area utilization efficiency (% utilization) and catalyst
utilization efficiency {gea KW).

[0057] EXAMPLES

[00358] Example ]

[0059] An exemplary gradient catalyst structure was prepared by filtrating a 25 wt-%
SWNT/ 75 wt-% CNF suspension and CNF suspension sequentially under full vacuum. As
shown in Figure 2(a), the CNFs entangle randomly forming a highly porous second layer with a
porosity of 90.8% and an average pore size of 85 nm, while smaller pores are formed in the
SWNT/CNF layer by adding 25 wt. % fine-sized SWNTs. As a result, the SWN'T/CNF first
layer has a much larger surface area (105 m?/g) than that of the CNF layer (24 m*/g) because of
the high aspect ratio of SWNT. After depositing Pt on the layered buckypaper by
electrochemical deposition, EDS analysis in Figure 2(b) showed a gradient distribution of Pt,
with over 70% of the Pt distributed in the 7-micron-thick SWNT/CNF first layer. As shown in
Figures 2(c) and 2(d), a large amount of Pt deposited on the surface of the SWNT/CNF first [ayer
while fewer Pt nanoparticles deposited on the surface of the CNF second layer. Thus, Figure 2
provides a qualitative and quantitative indication of how Pt is distributed inside the layered
buckypaper because the Pt distribution is quite uniform within each layer. The pictures of surface
morphology show that the Pt prefers to grow on the surface of SWNT instead of CNF. It is
believed this is because SWNTs have a much higher surface area and more surface defects,
resulting in more anchor sites for Pt nucleation. However, compared with chemical reduction
methods for Pt deposition, electrochemical deposition resulted in relatively large Pt particles

{average d: 5.4 nm) with obvious agglomeration.
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[0060] Before being applied to the MEA, the PUYLBP was impregnated with 5% Nafion
solution under a vacuum followed by drying at 80 °C to introduce the proton conducting phase.
Since the Nafion loading is estimated as ~0.2 g/cm”® in the layered buckypaper and 0.29 g/cm’ in
a conventional single-layer SWNT/CNF (1:3 wt. /wt.) buckypaper under the same preparing
condition, it is believed that a gradient distribution of Nafion occurred along the buckypaper’s
thickness with moré Nafion located in_ the SWNT/CNF layer due to the smaller pores, which
facilitate the adsorption of Nafion solution by the effect of capillary force.

[0061] By applying the PT/LBP gradient catalyst structure disclosed herein as a cathode
catalyst layer, an exemplary MEA exhibited excellent power performance with a relatively low
Ptloading. As demonstrated in Figure 3, the power performance and Pt loading can produce at
least a rated power of 0.88 W/cm?® (at 0.65 V) with a cathode Pt loading of 0.11 mg/cm®. The
total Pt utilization was 0.18 gPt/kW (cathode and anode), which approximates or exceeds the
DOE’s 2015 targets.

[0662] Example 2

[0063] The Pt/LBP with tailored gradient structure has demonstrated promising Pt utilization
and stability of supports in spite of relative large Pt particle size. Considering the negligible
improvement of anodic oxygen reduction reaction (ORR) activity by using Pt/LBP, such high
cell performance is believed to result from the inventive microstructure of the gradient catalyst
structure. To evaluate the effect of the microstructure on the fuel cell performance, two
conventional single-layer buckypaper MEAs were compared in terms of their polarization curve
and electrochemical impedance (EIS). The conventional buckypapers consist of the mixture of
SWNT and CNF in a weight ratio of 1:3 {described as SF13) or 1:9 (described as SF19) with a

thickness of 14 um. Pt was deposited on each of the conventional buckypapers and the Pt/LBP
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layered buckypaper under the same conditions, consequently each had nearly the same catalyst
nanoparticle size. Nafion was impregnated on the conventional buckypapers and the Pt/LBP
layered buckypaper under the same conditions; however, Nafion loading varied because of the
differences in pore structure of the buckypapers.

[0064] As shown in Figure 4(a), the mass transport limitation in the polarization curve of the
SF13-based MEA was found more significant at the intermediate current region (> 0.5 A/em?).
Figure 4(c) shows an impedance arc occurring at the low-frequency region in the spectrum of the
SF13-based MEA, indicating a pronounced gas diffusion resistance, which is due to the blockage
of pores by Nafion which restricts oxygen transportation and water removal. The same mass
transport limitation was not found in the Pt/LLBP-based MEA, even though blockage of pores
may have occurred in the SWNT/CNF first layer of the layered buckypaper. This is explained
by the highly porous CNF second layer where the large pores are not easily blocked by the
Nafion, which facilitates the gas diffusion and water removal,

10065] As shown in Figure 4(b), among the three catalyst structures, Pt/LBP showed the
lowest charge transfer resistance (Rer) and mass activity at high overpotential, which means that
the most active sites per unit for ORR (interface between Pt and percolated ionomer) were
created. The gradient distribution of catalyst nanoparticles contribute to the relatively high mass
activity in P/LBP, since most of the catalyst nanoparticles are disposed on the thin SWNT/CNF
first layer of the layered buckypaper, which is proximate or contacting the proton exchange
membrane. This greatly reduces the possibility of the catalyst nanoparticles being out of reach
by the protons (ionic resistance). Therefore, the transport limitations of protons and reactants in

the Pt/LBP catalyst structure are unexpectedly improved by the inventive microstructure with
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functional grading of porosity, catalyst concentration and electrolyte density resulting in
remarkable catalyst efficiency.

10066] Example 3

[0067] In W. Zhu et al., Durability Study on SWNT/Nanofiber Buckypaper Catalyst Support
for PEMFCs, Journal of the Electrochemical Society (2009), a SWNT/CNEF buckypaper with Pt
catalyst nanoparticles demonstrated good durability under an accelerated degradation test in a
simulated PEM fuel cell cathode environment. The good durability is believed to be due to the
high corrosion resistance resulting from the high degree of graphitization of the CNFs.
Subsequently, the durability of catalyst support for the Pt/LBP-based MEA disclosed herein was
evaluated per DOE’s test protocol set forth in U.S. Dept. of Energy, Hydrogen, Fuel Cell &
Infrastructure Technologies Program Multi-Year Research, Development and Demonstration
Plan (2007). Figure 5 shows the polarization curves at different time intervals during the 200-
hour durability test. The mass activity measured at 900 mV lost only 57.6% of initial activity
after 200 hours of operation, which is much better than that obtained in conventional Pt/C (90%
loss of initial activity) and approaches the DOE’s 2015 target (£60% loss of initial activity).
This result indicates the gradient catalyst structure is a good potential candidate for the catalyst
support to achieve a highly stable electrode with exceptional catalyst efficiency.

[0068] Example 4

[0069] Preparation and characterization of layered buckypaper (1.BP)

[0670] SWNTs 0.8-1.2 nm in diameter and 100-1000 nm in length were purchased from
Carbon Nanotechnologies Inc. CNFs 100-200 nm in diameter and 30-100 pm in length from

Applied Sciences Inc. were produced using a chemical vapor deposition (CVD) method followed
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by a high-temperature treatment at 3,000 °C. All materials were used as received without further
purification.

[0071] The layered buckypaper was produced using a vacuum filtration method. Typically, a
ten-milligram mixture of SWNTs and CNFs (wt./wt. 1:3) in 500 mL. N,N-Dimethylformamide
(Aldrich) was sonicated for 30 minutes to achieve a homogenous suspension. A suspension
containing only 10 mg CNFs was also prepared. The SWNT/CNF and CNF suspensions were
then filtered sequentially through a nylon membrane (Millipore, 0.45 pm in pore size) under a
vacuum. After drying, a thin film layer was peeled from the filter membrane to produce a
layered buckypaper with a first SWNT/CNF layer and a second CNF layer. Single-layer
buckypapers were also prepared in the same way by filtrating only one type of suspension.
Surface analyses were performed on the single-layer buckypaper. A Tristar 3000
(Micrometritics) was used to characterize the Brunauver-Emmett-Teller (BET) surface areas by
using a nitrogen adsorption method. Mercury intrusion porosimetry was performed by
Micromeritics Corp. using an AutoPore 9520 system to determine the pore size distribution.
[6072] Preparation and characterization of P¢/L.BP

[06073] Pt nanoparticles were deposited onto the layered buckypaper using a pulse
electrodeposition technique from a mixture solution of 10 mM H,PtCls, 0.1 M HSOy, and 0.5 M
ethylene glycol with N; bubbling. The blank buckypaper working electrode was loaded on a
house-made sample holder coupled with a hydrophobic carbon fiber paper as a current collector.
A saturated calomel electrode (SCE) was used as the reference electrode and Pt gauze as the
counter electrode. The electrodeposited size of the buckypaper was 5 em” and the buckypaper
iaid on the window size of the sample holder exposed to the electrolyte. The applied potential

increased from 0.3 V to -0.35 V (vs. SCLE) with a pulse width of 4 seconds and a pulse duty cycle
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of 25%. The pulse was repeated until the desired Pt loading was reached. Pt loading was

determined by weighing the mass difference before and after the deposition.

[0074] The surface and cross-section morphology of the Pt/LBP was characterized using a
scanning electron microscope (SEM, JEOL JSM 7401F). The cross-section sample was prepared
by a triple ion-beam miller (Leica EM TIC020). The elemental mapping of platinum was
performed on the cross-section of PUVLBP by an energy-dispersive X-ray spectrometer (EDS)
attached to the JSM 7401F microscope. The detailed morphologies of Pt were characterized
using a transmission electron microscope {TEM, JEM-2010, JEOL). Figure 6(a) shows a TEM
image of the PULBP. Figure 6(b) shows the Pt size distributions, which were obtained from the

TEM image by analyzing 150 randomly selected Pt particles.

[0075] The electrochemical surface area of Pt/LBP catalysts was characterized by using
cyclic voltammetry (CV) in a three-electrode/one-compartment cell. To prepare the working
electrode, a piece of PYLBP was stuck to the top of a glassy carbon (GC) electrode (0.196 cm?)
by using a drop of 0.5% Nafion solution. The electrolyte solution was 0.5 M H,80y,, which was
thoroughly deaerated by bubbling N, gas for 30 minutes. A N; atmosphere was maintained over
the solution during the test. The potential ranged from -0.25 V to +1.1 V (vs. SCE) at a scan rate
of 50 mV/s. Oxygen reduction reaction (ORR) activities of Pt/LBP were measured by a rotating
disk electrode (RDE) in Oy-saturated 0.1 M HCIOy at room temperature. The linear
voltammograms were recorded in the range of 0 -0.75 V (vs. SCE) at a scan rate of 10 mV/s with

the rotation speed between 400 and 1600 rpm.
[0076] Fabrication and characterization of membrane electrode assembly (MEA)

[0077] A two-layer structure was used as the gas diffusion layer at both cathode and anode
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sides. The outer layer was teflonized (30 wt% Teflon in cathode, 10 wt.% in anode) carbon
paper (TGPH-090, Toray). The inner layer (between the carbon paper and catalyst layer) was
prepared by spraying an iso-propanol mixture of the carbon black (Vulcan XC-72, Cabot) and a
30 wt.% or 10 wit% Teflon emulsion (Aldrich) onto the carbon paper, which was then sintered at
340°C for 1 hour. An anode catalyst layer was prepared by a conventional ink process. The
proper amount of the Pt/C catalyst (20% Pt on Vulcan XC-72, E-Tek) was mixed with 10 wt.%
Natfion in iso-propanol and then air-sprayed on the inter GDL to constitute the anode catalyst
layer with a Pt loading of 0.05 mg/cm®. A thin layer of Nafion solution (0.5 mg/cm?) was then
sprayed onto the surface of the anode catalyst layer. P/LBP was impregnated with 5% Nafion
solution (Aldrich) under a vacuum. After drying at 80 °C, the Pt/LBP was placed on the cathode
GDL to serve as a catalyst layer where the selected side of the layered buckypaper, i.e., the
SWNT/CNF layer, was exposed. The membrane electrode assembly was finally formed by
sandwiching the electrolyte membrane (Nafion 212, Dupont) between the anode and cathode and
hot-pressing them at 130°C for 3 minutes under 30 kg/cm2 of pressure. The MEA was operated
by a fuel cell testing system (Fuel Cell Technologies) with humidified H, gas as the fuel and
humidified O, gas as the oxidant. The fuel cell temperature was 80°C, the Ha/O, humidifier
temperatures were 80/80°C and the back pressures were 20 psi on both sides of the fuel cell. The
flow rates were set at a stoichiometric level of 2 for hydrogen and 3 for oxygen. The cell
performance was recorded by electronic load assembled in the testing system. The
electrochemical impedance spectra for the cathodic reactions were measured using a Solartron
12808 electrochemical workstation (Solartron) in the frequency range from 0.1 Hz to 10 kHz in

galvanostatic mode. The anode was used as the reference electrode.

[0078] Durability test of catalyst support
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[0079] The accelerated stress test of P/LBP was performed in an MEA at 95 °C with feeding
hydrogen and nitrogen in the anode and cathode respectively. The refative humidity (RH) of O,
oxidant gas and H, fuel gas was set to 80% and back pressures were kept at 20 psi on both sides
of the fuel cell. The fuel cell voltage was held at 1.2 V for 200 hours by using a potentiostat
(Solartron 1280B). The polarization curves were recorded every 24 hours at 80 °C per the DOE

protocol described previously.
[0080] Electrochemical characterization of Pt/LBP

[G081] The electrochemical surface area (ECSA) of PULBP was obtained by the integration
of the Hy-adsorption peak in the hydrogen region {-0.2 to 0.15 V vs. SCE) of the cyclic
voltammogram, as shown in Figure 7(a), with subtraction of the current due to double layer
charging. The calculated ECSA for the Pt/LBP electrocatalyst was 56.0 m*/g which is less than
that achieved in the commercial Pt/C (70.1 m%g) due to the relatively large Pt particies in the
P/LBP compared with the average Pt size of 2.2 nm in PU/C. Accordingly, Figure 7(b) shows
the RDE measurement, with a smaller limit current for the Pt/LBP catalyst than the Pt/C catalyst,
indicating less catalytic activity towards ORR. However, the catalyst utilization in the P{/LBP

electrode was relatively high considering the large Pt particle size.

[0682] Impedance analysis

[0083] The impedance spectra were quantitatively analyzed based on a complex nonlinear
least-squares fitting (CNLS) of experimental data to a modified Randles—Ershler equivalent
circuit model by employing a fitting program (Z-plot for Windows, Scribner Associates). The
equivalent circuit model is shown in Figure 8(b), where R, represents the ohmic resistance, Rer,

represents the charge-transfer resistance, and Wy represents the finite-length Warburg
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impedance. The conventional double layer capacitance is replaced by a constant phase element
(CPE) to account for non-homogeneous electrode. L is the pseudo-inductance associated with
the effects produced by the collector plates, leading wire, and other metallic components of cell

test kits. The finite-length Warburg impedance is expressed as

Ziy (@) = Ziy (0) [tanh(js)"* / (js)'), 3)

{0) is the mass-transport resistance, which is the value of Zy (o) when @ — 0. Figure 8(a) shows
the measuring EIS data for PYLBP-, Pt/SF13- and Pt/SF19-based MEAs presented by symbols

and the fitting data presented by solid lines.

[0084] The charge-transfer resistances RCT obtained from the fitting process are 0.15 Q cm?,
0.19Q cm?, and 0.21 Q cm? for P/LBP, Pt/SF13, and Pt/SF19 electrode, respectively. The
mass-transport resistances in PVLBP and PY/SF19 are negligible (< 10 & cm?) due to the
existence of large pores. On the contrary, the mass-transport resistance is 0.039 Q cm?” for the
SK13 catalyst support since the relatively small pores and high ionomer loading resultsin a
difficulty of oxygen diffusion.

[0085] The foregoing description of preferred embodiments of the 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.
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CLAIMS

We claim:

1. A membrane electrode assembly (110} for a fuel cell (100) comprising:
a proton exchange membrane (130); and
a gradient catalyst structure (120 or 140) comprising a plurality of catalyst nanoparticles
disposed on layered buckypaper,
wherein the layered buckypaper comprises at least a first layer and a second layer,
wherein the first layer has a lower porosity than the second layer, and
wherein a first weight percentage of the plurality of catalyst nanoparticles is
disposed on the first layer and a second weight percentage of the plurality of catalyst
nanoparticles is disposed on the second layer, wherein the first weight percentage is at

least 5 wi-% more than the second weight percentage.

2. The membrane electrode assembly (110) according to claim 1, wherein a catalyst

utilization efficiency of said plurality of catalyst nanoparticles 1s < 0.35 ge/kW.

3. The membrane electrode assembly (110) according to claim 1, wherein the first layer has

a porosity at least 5 percentage points [ower than the porosity of the second layer.

4. The membrane electrode assembly (110) according to claim 1, wherein the first layer

comprises a mixture of: (1) at least one of single-walled carbon nanotubes, small diameter multi-

wall nanotubes, or both; and (ii) carbon nanofibers, large diameter multi-wall nanotubes, or both;
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and wherein the second layer comprises carbon nanofibers, large diameter multi-wall nanotubes,

or both.

5. The membrane electrode assembly (110) according to claim 1, wherein the plurality of
catalyst nanoparticles comprise an element selected from the group consisting of platinum, iron,
nitrogen, nickel, carbon, cobalt, copper, palladium, ruthenium, rhodium and combinations

thereof.

6. The membrane electrode assembly (110) according to claim 1, wherein the gradient

catalyst structure (120 or 140) further comprises perfluorinated sulfonic acid resins.

7. The membrane electrode assembly according to claim 1, wherein the gradient catalyst

structure (120 or 140) 1s a cathode catalyst layer (140).

3. A proton exchange membrane fuel cell (100) comprising:

the membrane exchange assembly (110) of claim 1, wherein the gradient catalyst
structure (120 or 140) is a cathode catalyst layer (140); and

an anode catalyst layer (120);

wherein the proton exchange membrane (130) is provided between the cathode catalyst

layer (140) and the anode catalyst layer (120).

9. The proton exchange membrane fuel cell (100) according to claim 8, wherein a catalyst

utilization efficiency of said plurality of catalyst nanoparticles i1s <0.35 ge./kW.

27



WO 2011/009124 PCT/US2010/042451

10. The proton exchange membrane fuel cell (100) according to claim 8, wherein the first
layer of the layered buckypaper has a porosity at least 5 percentage points lower than the

porosity of the second layer of the layered buckypaper.

11.  The proton exchange membrane fuel cell (100) according to claim 8, wherein the cathode
catalyst layer (140} is formed by depositing the plurality of catalyst nanoparticles on the layered

buckypaper after the layered buckypaper has been formed.

12.  The proton exchange membrane fuel cell (100) according to claim 8, wherein the cathode
catalyst layer (140) further comprises a perfluorinated sulfonic acid resin, wherein the

perfluorinated sulfonic acid resins 1s applied after the layered buckypaper has been formed.

13, The proton exchange membrane fuel cell (100) according to claim 8, further comprising a
cathode gas diffusion layer (160), wherein the cathode catalyst layer (140) is oriented such that
the first layer of the layered buckypaper contacts the proton exchange membrane (130) and the

second layer of the layered buckypaper contacts the cathode gas diffusion layer (160).

14. A method of fabricating a catalyst layer (120 or 140) for a fuel cell, the method
comprising:
producing a gradient catalyst structure, said producing step comprising:
forming layered buckypaper, wherein the layered buckypaper comprises at least a
first layer and a second layer and wherein the {irst layer has a lower porosity than the second

layer; and
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depositing a plurality of catalyst nanoparticles on the layered buckypaper.

15. The method according to claim 14, wherein a catalyst utilization efficiency of said

plurality of catalyst nanoparticles is < 0.35 ge./kW.

16.  The method according to claim 14, wherein the first layer of the layered buckypaper has a
porosity at least 5 percentage points lower than the porosity of the second layer of the layered

buckypaper.

17.  The method according to claim 14, wherein the first layer comprises a mixture of: (i) at
least one of single-walled carbon nanotubes, small diameter multi-wall nanotubes, or both; and
(i1) carbon nanofibers, large diameter multi-wall nanotubes, or both; and wherein the second

layer comprises carbon nanofibers, large diameter multi-wall nanotubes, or both.

18.  The method according to claim 14, wherein the forming step occurs before the depositing

step.

19.  The method according to claim 18, wherein a first weight percentage of the plurality of
catalyst nanoparticles is disposed on the first layer and a second weight percentage of the
plurality of catalyst nanoparticles is disposed on the second layer, wherein the first weight

percentage is at least 10 wt-% more than the second weight percentage.

20.  The method according to claim 14, further comprising:
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applying a perfluorinated sulfonic acid resin to the layered buckypaper, wherein the

applying step occurs after the depositing step.
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