woO 2008/013877 A2 |10 00 0O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization ‘f | [I

) IO O OO0 00

International Bureau

(43) International Publication Date
31 January 2008 (31.01.2008)

(10) International Publication Number

WO 2008/013877 A2

(51) International Patent Classification:
HOIM 8/00 (2006.01) C25F 7/00 (2006.01)

(21) International Application Number:

PCT/US2007/016777
(22) International Filing Date: 25 July 2007 (25.07.2007)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
11/493,259 26 July 2006 (26.07.2006) US

(71) Applicant (for all designated States except US): LOS
ALAMOS NATIONAL SECURITY, LLC [US/US];
Los Alamos National Laboratory, LC/IP, MS A187, Los
Alamos, NM 87545 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): KIM, Yu, Seung
[KR/US]; 115 Beryl Street, Los Alamos, NM 87544
(US). CHOI, Jong-ho [KR/US]; 802 9th Street, #16, Los
Alamos, NM 87544 (US). ZELENAY, Piotr [PL/US];
3254 Urban Street, Los Alamos, NM 87544 (US).

(74)

(81)

(34)

Agents: COTTRELL, Bruce, H. et al.; Los Alamos
National Laboratory, LC/IP, MC A187, Los Alamos, NM
87545 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, EG,
ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL,
PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,

[Continued on next page]

(54) Title: METHOD OF IMPROVING FUEL CELL PERFORMANCE

100

130

140

(57) Abstract: A  method of
removing contaminants from a fuel
cell catalyst electrode. The method
includes providing a getter electrode
and a fuel cell catalyst electrode
having at least one contaminant to a
bath and applying a voltage sufficient
to drive the contaminant from the
fuel cell catalyst electrode to the
getter electrode. Methods of removing
contaminants from a membrane
electrode assembly of a fuel cell and
of improving performance of a fuel
cell are also provided.




WO 2008/01.3877 A2 | NININI] DA 00 00001000 O

PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,  For two-letter codes and other abbreviations, refer to the "Guid-
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). ance Notes on Codes and Abbreviations” appearing at the begin-
Published: ning of each regular issue of the PCT Gagzette.
—  without international search report and to be republished
upon receipt of that report



WO 2008/013877 PCT/US2007/016777

METHOD OF IMPROVING FUEL CELL PERFORMANCE

STATEMENT REGARDING FEDERAL RIGHTS

[0001] This invention was made with government support under Contract No.
DE-AC 52-06 NA 25396, awarded by the U.S. Department of Energy. The

government has certain rights in the invention.
BACKGROUND OF INVENTION

[0002] The invention relates to fuel cells. More particularly, the invention
relates to fuel cell catalyst electrodes. Even more particularly, the invention relates to

methods of cleaning such catalyst electrodes.

[0003] Polymer electrolyte fuel cells (PEFCs), including direct methanol fuel
cells (DMFCs), have aitracted great interest as an alternative power source for
vehicles and portable electronic devices. Two major challenges facing PEFCs are the
reduction of material costs and the need for improved performance. Regarding the
former challenge, non-platinum catalysts based on metals such as ruthenium,
palladium, iron, manganese, cobalt nickel, chromium, molybdenum, and vanadium

have been investigated.

[0004] Regarding the latter challenge, it has been recognized that the presence
of some metallic oxides tend to contaminate cathode catalyst layers, leading td a
decrease in oxygen reduction reaction (ORR) activity in such cathodes and a
corresponding reduction in fuel cell performance. In some instances, metallic species
may migrate from one electrode to the other under fuel cell operating conditions and

in the presence of a contaminated oxidation/reduction catalyst.

[0005] Methods of removing such contaminants have included treatment of
the catalytic electrode material with acids ranging from organic carboxylic acids to

dilute sulfuric acid. Such treatment appears to yield varying results: the process is
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either incomplete, if mild treatment conditions are used, or results in significant loss

of metal if conditions are too harsh.

[0006] While oxide contaminants on fuel cell electrodes adversely affect fuel
cell performance, methods of removing such materials are highly variable and may
result in loss of electrode material. Therefore, what is needed is a method of
removing such contaminants from a fuel cell catalyst material. What is also needed is
a method of removing such contaminants in situ from a membrane electrode
assembly. In addition, what is needed is a method of improving fuel cell performance

based on the removal of such contaminants.
SUMMARY OF INVENTION

[0007] The present invention meets these and other needs by providing a
method of removing contaminants from a fuel cell catalyst electrode. The method
includes providing a getter electrode and a fuel cell catalyst electrode having at least
one contaminant and applying a voltage sufficient to drive the contaminant from the
fuel cell catalyst electrode through an electrolyte to the getter electrode. Methods of
removing contaminants from a membrane electrode assembly of a fuel cell and of

improving performance of a fuel cell are also provided.

{0008] Accordingly, one aspect of the invention is to provide a method of
removing at. least one contaminant from a fuel cell catalyst electrode. The method
comprises the steps of: providing the fuel cell catalyst electrode including the at least
one contaminant; providing a getter electrode, wherg:in the getter electrode is
electrically connected to the fuel cell electrode; contacting the fuel cell catalyst
~ electrode and the getter electrode with an electrolyte; providing a voltage across the
fuel cell electrode and the getter electrode, wherein the voltage is sufficient to drive
the at least one contaminant from the fuel cell electrode through the electrolyte to the
getter electrode, thereby removing the at least one contaminant from the fuel cell

electrode.
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[0009] A second aspect of the invention is to provide a method of removing at
least one contaminant from a membrane electrode assembly of a fuel cell in situ. The
method comprising the steps of: providing a membrane electrode assembly to the fuel
cell, wherein the membrane electrode assembly comprises a fuel cell electrode that
includes the at least one contaminant and one of a platinum alloy, at least one
transition metal, and a cathode catalyst comprising at least one transitidn metal and at
least one chalcogen; providing a getter electrode to the fuel cell, wherein the getter
electrode is electrically connected to the fuel cell electrode; contacting the fuel cell
electrode and the getter electrode to a proton exchange membrane; and providing a
voltage across the fuel cell electrode and the getter electrode, wherein the voltage is
sufficient to drive the at least one contaminant from the fuel cell elecirode through the
proton exchange membrane to the getter electrode, thereby removing the at least one

contaminant from the fuel cell electrode.

[0010] A third aspect of the invention is to provide a method of improving
fuel cell performance. The method comprises the steps of: providihg a membrane
electrode assembly to the fuel cell, the membrane electrode assembly comprising the
membrane electrode assembly comprising a fuel cell electrode, the fuel cell electrode
comprising the at least one contaminant and one of a platinum alloy, at least one
transition metal, and a cathode catalyst comprising at least one transition metal and at
least one chalcogen; providing a getter electrode to the fuel cell, wherein the getter
electrode is electrically connected to the fuel cell electrode; contacting the fuel cell
electrode and the getter electrode to a proton exchange membrane; and providing a
voltage across the fuel cell electrode and the getter electrode, wherein the voltage is
sufficient to drive the at least one contaminant from the fuel cell electrode through the
proton exchange membrane to the getter electrode, thereby removing the at least one
contaminant from the fuel cell electrode, and wherein removing the at least one

contaminant from the fuel cell electrode improves fuel cell performance.
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[0011] These and other aspects, advantages, and salient features of the present
invention will become apparent from the following detailed description, the

accompanying drawings, and the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIGURE 1 is a schematic representation of a configuration for carrying

out a method of removing at least one contaminant from a fuel cell catalyst electrode;

[0013] FIGURE 2a is a schematic representation of a second configuration for
carrying out a method of removing at least one contaminant from fuel cell catalyst

electrode of a fuel cell membrane electrode assembly (MEA);

[0014] FIGURE 2b is a schematic representation showing the removal and

replacement of the getter electrode shown in FIG. 2a with a cathode catalyst;

[0015] FIGURE 3 is a schematic representation of a third configuration for
carrying out a method of removing at least one contaminant from a fuel cell catalyst

electrode of a MEA;

[0016] FIGURE 4 is a flow chart for a method of removing at least one

contaminant from a fuel cell catalyst;

[0017] FIGURE 5 is a flow chart for a method of removing at least one

contaminant from a MEA;

[0018] FIGURE 6 is a plot of carbon monoxide stripping voltammograms
obtained for a MEA having a standard cathode and a MEA having a cathode cleaned

using the present methods;

[0019] FIGURE 7 is a plot of long term direct methanol fuel cell (DMFC) fuel
cell performance of a MEA having a standard cathode and a MEA having a cathode

that was cleaned using the present methods;
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10020} FIGURE 8a is a plot of long term performance of a MEA having a
standard cathode;
foo21] FIGURE 8b is a plot of long term performance of a MEA having a

cathode that was cleaned using the present methods;

[0022] FIGURE 9 is a plot of carbon monoxide stripping voltammogram
obtained for a Pt cathode in 2 MEA having a ruthenium cathode that was cleaned

using the present methods and for the cathode in a reference Pt-Pt MEA;

[0023] FIGURE 10 is a plot of hydrogen-air polarization results obtained for a
MEA having a standard cathode and a MEA having a ruthenium cathode that was

cleaned using the present methods;

[0024] FIGURE 11 is a plot of long term performance, obtained at 0.40 V and
80°C, of a MEA having a ruthenium cathode that was cleaned using the present

methods; and

[0025] FIGURE 12 is a plot of hydrogen-air polarization results obtained for a
MEA having a standard ruthenium-selenium cathode and a MEA having a ruthenium-

selenium cathode that was cleaned using the present methods.
DETAILED DESCRIPTION

[0026] In the following description, like reference characters designate like or
corresponding parts throughout the several views shown in the figures. It is also
understood that terms such as “top,” “bottom,” “outward,” “inward,” and the like are
words of convenience and are not to be construed as limiting terms. In addition,
whenever a group is described as either comprising or consisting of at least one of a
group of elements and combinations thereof, it is understood that the group may
comprise or consist of any number of those elements recited, either individually or in

combination with each other.
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[06027] Referl:ing to the drawings in general and to FIG. 1 in particular, it will
be understood that the illustrations are for the purpose of describing a particular
embodiment of the invention and are not intended to limit the invention thereto.
Turning to FIG. 1, one possible configuration for carrying out a method of removing
at least one contaminant from a fuel cell catalyst electrode is schematically shown.
Configuration 100 includes a getter electrode 130 and a fuel cell catalyst electrode
110 that are electrically connected to each other and at least partially immersed in an
electrolyte bath 140. In one embodiment, bath 140 is either an aqueous bath or an
jonic bath such as, for example, dilute sulfuric acid, perchloric acid,
trifluoromethanesulfonic acid, phosphoric acid, and the like. In another embodiment,
fuel cell catalyst 110 and getter electrode 130 are each brought into physical contact
with a solid electrolyte. Fuel cell catalyst electrode 110 includes at least one
contaminant 115. The at least one contaminant 115 is intermixed with fuel cell
catalyst 110. In the embodiment shown in FIG. 1, fuel cell catalyst electrode 110 is
disposed upon a surface of substrate 120, which provides mechanical support for fuel
cell catalyst electrode 110. In this embodiment, substrate 120 may comprise Teflon®,
" carbon cloth, carbon paper, or an ionomeric membrane such as, but not limited to
Nafion® and the like. A voltage V is provided between fuel cell catalyst electrode
110 and getter electrode 130. Voltage V is sufficient to drive contaminant from fuel
cell catalyst electrode 110 to getter electrode 130. Voltage V drives the at least one
contaminant through electrolyte bath 140 (or, in other embodiments, through a solid
electrolyte) to getter electrode 130, where it is captured. In the embodiment shown in
FIG. 1, fuel cell catalyst electrode 110 may be either a fuel cell anode or cathode.
Getter electrode 130 may be an electrode not intended for use in a fuel cell, and may
be a disposable electrode or an electrode that may otherwise be regenerated for further

use.

[0028] In a second embodiment, shown in FIG. 2a, the fuel cell catalyst
electrode forms a portion of a membrane electrode assembly (also referred to herein
as “MEA”) 205. MEA 205 includes an anode catalyst electrode 210 having at least

one contaminant 215. Anode catalyst electrode 210 is disposed on substrate 220.
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Getter electrode 230 is disposed on substrate 220 as well, such that substrate 220
separates the two electrodes. Substrate 220 is a proton exchange membrane (also
referred to hereinafter as “PEM”) comprising a solid electrolyte. Anode 210 is
electrically connected to getter electrode 230, and a voltage V is provided between
anode 210 and getter electrode 230. Voltage V is sufficient to drive the at least one
contaminant 215 from anode 210 through the PEM to getter electrode 230. Getter
electrode 230 is typically not intended for use in a fuel cell, and may be a disposable
electrode or an electrode that may otherwise be regenerated for further use. After
removal of the at least one contaminant 215 from anode 210, getter electrode is
typically removed from MEA 205 and replaced with a cathode 250, as shown in FIG.
2b. In this embodiment, anode 210 and cathode 250 are disposed on separate
substrates and subsequently combined to form MEA 205. In one embodiment, at least
one of getter electrode 230, cathode, 250, and anode 210 is disposed on a gas
diffusion layer (also referred to herein as “GDL”) comprising carbon cloth or carbon

paper, and then brought into contact with substrate 220.

[0029] FIG. 3 is a schematic representation of a third configuration in which
anode 310 serves as the getter electrode for cathode 350 having at least one
contaminant 315. Both anode 310 and cathode 350 are disposed on substrate 320,
which is a PEM. To remove the at least one contaminant 315 from cathode 350,
anode 310 is electrically connected to cathode 350, and a voltage V, which is
sufficient to drive contaminant from cathode 350 through the PEM to anode 310 is
provided between cathode 350 and anode 310. As seen in FIG. 3, anode 310 and
cathode 350 are disposed on substrate is 320 to form MEA 305. Alternatively, anode
310 and cathode 350 may each be disposed on separate substrates (not shown), and
the separate substrates are subsequently combined to form MEA 305. After the 1eas“c
one contaminant 215 has been removed from cathode 350, anode 310 which served as

the getter electrode may be replaced with a fresh, uncontaminated anode.
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[0030] The fuel cell may be a polymer electrolyte fuel cell such as, but not
limited to, a direct methanol fuel cell, a neat hydrogen fuel cell, a reformed hydrogen
fuel cell, and the like.

[0031] The composition of fuel cell catalyst electrode 110 depends on whether
the fuel cell catalyst electrode 110 is an anode or a cathode. Where fuel cell catalyst
electrode 110 is an anode, it may comprise platinum, or platinum alloys such as, but
not limited to platinum/ruthenium alloys, platinum/nickel alloys, platinum/chromium
alloys, and the like. The cathode may comprise at least one transition metal such as
ruthenium, iron, chromium, cobalt, molybdenum, manganese, magnesium, nickel,
osmium, rhodium, tungsten, rhenium, yttrium, titanium, and combinations thereof.
Alternatively, cathode 350 may comprise platinum, gold, iridium, palladium, or a
platipum alloy such as, but not limited to, platinum/chromium, platinum/cobalt and

platinun/iron alloys.

[0032] In another embodiment, cathode 350 comprises a cathode catalyst that
comprises at least one transition metal and at least one chalcogen (e.g., sulfur,
selenium, or tellurium). The at least one transition metal is selected from the group
consisting of ruthenium, osmium, rhenium, rhodium, platinum, palladium, cobalt,
nickel, chromium, molybdenum, iron, manganese, vanadium, tungsten, and
combinations thereof. The cathode catalyst may comprise a support that includes at
least one transition metal in elemental form capable of reducing oxygen and at least
one chalcogen in solid elemental form disposed on the support (e.g., elemental
selenium disposed on a ruthenium support). Alternatively, the cathode catalyst may

comprise a transition metal chalcogenide (e.g., RuSex).

[0033] In one embodiment, substrate 120, 220, 320 is an ionomeric membrane
such as, but not limited to poly (perfluorosulphonic acid) membranes, which are
commercially available as Nafion®, Aciplex®, or Flemion®. MEA 205, 305 may
additionally include a gas diffusion layer (not shown) comprising either carbon cloth

or carbon paper.
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[0034] In one embodiment, the at least one contaminant 115, 215, 315 is a
metal oxide. The metal oxide is typically selected from the group consisting of oxides
of ruthenium, iron, chromium, cobalt, molybdenum, manganese, magnesium, nickel,
osmium, rhodium, tungsten, rhenium, yttrium, titanium, platinum, gold, iridium, and

palladium.

[0035] Getter electrode 130, 230, 310 is a metal electrode comprising at least
one of ruthenium, iron, chromium, cobalt, molybdenum, manganese, magnesium,
nickel, osmium, rhodium, tungsten, rhenium, yttrium, titanium, platinum, gold,
iridium, palladium, and combinations thereof. In one embodiment, getter electrode
130, 230, 330 comprises at least one of platinum, gold, iridium, palladium, and

combinations thereof.

[0036] The invention provides a method of removing at least one contaminant
from a fuel cell catalyst. A flow chart outlining the steps of method 400 is shown in
FIG. 4. In Step 410, a fuel cell catalyst electrode having at least one contaminant is
provided. The fuel cell catalyst electrode may be provided to an electrolyte bath, as
shown in FIG. 1, or brought into contact with a solid electrolyte, such as a PEM, as
shown in FIGS. 2 and 3. A getter electrode is provided and electrically connected to
the fuel cell catalyst electrode in Step 420. In Step 430, the getter electrode may be
provided to an electrolyte bath, as shown in FIG. 1, or brought into contact with a
solid electrolyte, such as a PEM, as shown in FIGS. 2 and 3. A voltage is provided
across the fuel cell electrode and the getter electrode (Step 440). The voltage is
sufficient to drive the at least one contaminant from fuel cell catalyst electrode
through the electrolyte to the getter electrode, thereby removing at least a portion of

the at least one contaminant from the fuel cell electrode catalyst electrode.

[0037] A method of removing at least one contaminant from a membrane
electrode assembly (MEA) of a fuel cell is also provided. FIG. 5 is a flow chart
outlining the steps of method 500. First, a MEA comprising a fuel cell electrode,
which is either an anode or a cathode, having at least one contaminant is provided to

the fuel cell in Step 510. In Step 520, a getter electrode is provided to the fuel cell
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and electrically connected to the fuel cell electrode from which the at least one
contaminant is to be removed. The fuel cell electrode and the getter electrode are
brought into contact with a proton exchange membrane (Step 530), and a voltage is
then provided between the getter electrode and the fuel cell electrode, driving the at
least one contaminant from the fuel cell electrode to the getter electrode (Step 540).
As previously described herein, where the at least one contaminant is to be removed
from the fuel cell anode, the getter electrode is not a fuel cell catalyst electrode, but is
instead either a disposable electrode, a removable electrode, or an electrode that can
be otherwise be regenerated, as shown in FIGS. 2a and 2b. Where the at least one
contaminant is to be removed from the fuel cell cathode, the fuel cell anode serves as

the getter electrode, as shown in FIG. 3.

[0038] As previously described herein, the fuel cell catalyst electrode, in one
embodiment, is a fuel cell anode. In this instance, the getter electrode is not a fuel cell
catalyst electrode, but instead is one of a disposable electrode or an electrode that can
be otherwise be regenerated. The getter electrode is replaced, if necessary or desired,
at the end of the cleaning with an electrode free of accumulated contaminants. For
example, the fuel cell catalyst electrode that is to be cleaned may be applied, by
methods well known in the art, to a portion of the substrate to form a first half of a
MEA. A second half of the MEA is formed by applying the getter electrode to a
portion of a second substrate. The two halves are attached through the substrate
surfaces that do not bear catalyst/electrode material to form a complete membrane
electrode assembly. Following cleaning by either method 400 or method 500, the
second half of the MEA, which includes the getter electrode (now containing the
contaminant) of the MEA, may be removed and replaced by a half-MEA comprising

an uncontaminated fuel cell electrode.

[0039] In those instances where the fuel cell catalyst electrode to be cleaned
using the present methods is a fuel cell cathode and the getter electrode is the fuel cell

anode, it is not necessary to replace the getter electrode.



WO 2008/013877 PCT/US2007/016777

11

[0040] By using methods 400, 500, the removal of mobile contaminants is
carried out at a low potential (about 0.1 V) that is sufficient to permit selective
migration of the contaminant to the “sacrificial” getter electrode. Removal of such
contaminants improves electrode — and fuel cell — performance. Fuel cells in which
contaminants have been removed from either the anode or cathode catalyst electrode
by the methods described herein exhibit longer lifetimes, greater current densities, and

greater output than similar catalyst electrodes that are not treated by these methods.

[0041] The following examples are intended to illustrate the features and

advantages of the invention and in no way are intended to limit the invention thereto.
Example 1: Selective removal of Ru oxides from Pt-Ru anode electrocatalyst

[0042] Membrane electrode assemblies were prepared by attaching two halves
— i.e., membranes catalyzed on one side with either an anode catalyst or a cathode
catalyst, with the other side left uncatalyzed — to form a complete MEA. All half-
MEAs were prepared using Nafion® 1135 membranes, each having a thickness of
about 90 pm, and standard catalyst inks. Unsupported Pt-Ru and Pt catalysts were
applied each to Nafion® 1135 membrane using brush painting.

[0043] The standard anode ink composition was 86 wi% 1:1 Pt-Ru black
(HiSPEC 6000, Johnson Matthey, Plc.) and 14 wt% Nafion® (1100 equivalent
weight, Solution Technology, Inc.). The standard cathode ink composition was 90
wt% Pt black (HiSPEC 1000, Johnson Matthey, Plc.) and 10 wt% Nafion®. The
catalyst inks were sonicated for about 90 seconds and then directly applied to pre-
dried membrane by brush painting at 75°C. An ice bath was used to prevent
overheating and minimize evaporation of solvents during painting. The anode and

cathode catalyst loadings were approximately 10 mg/cm” and 6 mg/cm?, respectively.

[0044] A reference MEA (i.e., not cleaned) was made by pressing together
anode and cathode half-MEAs to form a complete MEA having the same thickness
(about 180 pm) as a typical Nafion® 117 MEA. Single-side hydrophilic and double-
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sided hydrophobic carbon-cloth gas diffusion layers (E-TEK, Inc.), were used on the

anode and cathode sides, respectively.

[0045] Using the methods described herein, oxide removal from the anode
catalyst was carried out on another MEA at a potential of approximately 0.1 V against
the fuel cell cathode (here serving as the getter electrode), which served as a quasi-
reference/counter electrode, for five hours. High-purity nitrogen and hydrogen were
flowed into the anode and cathode, respectively. After cleaning, the cathode half-
MEA that served as the getter electrode was removed from the cell and replaced with
a new cathode half-MEA.

[0046] The performance of the MEA having the cleaned anode catalyst was
compared to that of the reference MEA. FIG. 6 shows carbon monoxide stripping
voltammograms recorded with the reference MEA cathode and with the cathode in the
MEA in which the anode was cleaned using the method described herein. CO
stripping from the cathode in the MEA having the cleaned anode gives rise to a
narrower peak at a more positive potential than CO stripping from the reference MEA
cathode. These differences are attributed to much more significant Ru crossover in
the reference MEA cell. Results of life tests on the two MEAs, conducted at a
constant voltage of 0.5 V at 80°C for 130 hours, are shown in FIG. 7. The life tests
were stopped after 115 hours of cell operation in order to obtain complete cell
diagnostics. As expected for fuel cells having Pt cathodes, the current generated by
both cells decreased over time due to gradual cathode oxidation. The initial current
density of the MEA having the cleaned anode was comparable to that of the reference
MEA (about 0.2 A/em®). With increasing time, however, the MEA having the
cleaned anode showed much less performance decay than the reference MEA.
Furthermore, the initial performance of the MEA having the cleaned anode
completely recovered after the diagnostics break, whereas the reference MEA anode

suffered a noticeable performance loss of about 20 mA/em?,

[0047] FIGS. 8a and 8b summarize DMFC performance of the reference MEA
and the MEA having the cleaned anode, respectively, after 1 15-hour and 330-hour life
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tests. Compared to the reference MEA, the MEA having the cleaned anode shows

less performance loss.
Example 2: Selective removal of oxide impurity from Ru cathode electrocatalyst

[0048] '~ MEAs having standard (i.e., not cleaned) ruthenium cathodes and
MEAs having Ru cathodes that were cleaned using the methods described herein were
prepared using Nafion® 1135 membranes and standard catalyst inks. Unsupported Pt

and Ru catalysts were applied to each side of the membranes using brush painting.

[0049] The standard anode ink composition was 90 wt% Pt black (HiSPEC
1000, Johnson Matthey, Plc.) and 10 wt% Nafion® (1100 equivalent, Solution
Technology, Inc.). The standard cathode ink composition was 83 wt% Ru black
(Johnson Matthey, Plc) and 17 wt% Nafion®. Catalyst inks were sonicated for about
90 seconds and then applied to one side of a pre-dried membrane by brush painting.
When the first electrode was complete, the membrane was turned over and the other
side was painted. An ice bath was used to prevent overheating and minimize
evaporation of solvents during the painting. The anode and cathode catalyst loadings

were each approximately 6 mg/cm’.

[0050] Single-sided hydrophilic and double-sided hydrophobic carbon-cloth
GDLs (E-TEK, Inc.) were used on the anode and cathode sides of both MEAs,
respectively. Cathode cleaning using the method described herein was carried out at a
potential of approximately 0.10 V, measured against the fuel cell cathode (here
serving as the getter electrode), which served as a quasi-reference/counter electrode,
for five hours. Ultra-high purity hydrogen and nitrogen were flowed into ‘the anode

and cathode, respectively.

[0051] The performance of the MEA having the cleaned cathode catalyst was
compared to the MEA having the standard Ru cathode. FIG. 9 shows CO stripping
voltammograms obtained for a Pt cathode in the MEA having the cleaned Ru cathode
and for the cathode in a reference Pt-Pt MEA (i.e., no Ru present). Comparison of the

two voltammograms reveals a shift in the stripping peak potential in the cleaned MEA
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towards lower potentials and significant decrease in peak height. This shift in the
stripping peak is evidence of the removal of oxide impurity — i.e., contaminant — from
the Ru catalyst and its transfer across the membrahe, followed by the formation of a
Pt-Ru surface alloy at the anode. Because hydrogen oxidation is not significantly
affected by Ru contamination of Pt catalysts, the anode that was used in the cleaning

of the cathode does not need to be replaced with an uncontaminated anode.

[0052] The benefits of a steady-state cleaning of catalysts are evident from the
comparison of the two Hj-air polarization plots shown in FIG. 10. At 80°C, a
standard MEA generates a maximum power density of 35 mW/cm?, whereas the
MEA having a cathode cleaned using the methods described herein generates a
maximum power density of 308 mW/cm?. Thus, the maximum power density is
improved almost nine fold by using a MEA having a cathode cleaned by the present

method.

[0053] Long-term Hj-air fuel cell performance for a MEA having a cleaned
cathode is shown in FIG. 11. The MEA having a cleaned cathode shows no decline in
current output during a 110-hour life test, thus indicating that the catalytic activity of

the MEA with cleaned cathode is maintained for long cell operating times.
Example 3: Selective removal of oxide impurity from Ru-Se cathode electrocatalyst

{0054] MEAs with Pt-Ru anode black (HiSPEC 6000, Johnson Matthey, Plc)
and Ru-Se black cathode were prepared using Nafion® 1135 membranes. The anode
ink composition was 86 wt% Pt-Ru black and 14 wt% Nafion (1100 equivalent,
Solution Technology, Inc.). The cathode ink composition was 83 wt% Ru-Se black
and 17 wi% Nafion. The MEA fabrication procedure described in Example 2 was
used to prepare the standard (i.e., not cleaned) MEA.

[0055] Hydrogen/air fuel cell polarization curves obtained for a standard
MEA (i.e., no cathode cleaning) and a MEA having a cathode cleaned using the
present methods are compared in FIG 12. The MEA having the cleaned cathode

generates a maximum power density of 205 mW/cm?, whereas the standard MEA
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generates a power density of 142 mW/cm?. Thus, the MEA having a cathode that was
cleaned using the methods described herein exhibits a 45% increase in performance
over the standard MEA.

[0056] While typical embodiments have been set forth for the purpose of
illustration, the foregoing description should not be deemed to be a limitation on the
scope of the invention. Accordingly, various modifications, adaptations, and
alternatives may occur to one skilled in the art without departing from the spirit and

scope of the present invention.
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CLAIMS

1. A method of removing at least one contaminant from a fuel cell

catalyst electrode, the method comprising the steps of:

a. providing the fuel cell catalyst electrode, the fuel

cell catalyst electrode including the at least one contaminant;

b. providing a getter electrode, wherein the getter

electrode is electrically connected to the fuel cell electrode;

c. contacting the fuel cell catalyst electrode and the

getter electrode with an electrolyte;

d. providing a voltage across the fuel cell electrode
and the getter electrode, wherein the voltage is sufficient to drive the at least one
contaminant from the fuel cell electrode through the electrolyte to the getter electrode,

thereby removing the at least one contaminant from the fuel cell electrode.

2. The method according to Claim 1, wherein the electrolyte is one of an

aqueous bath and an ionic bath.

3. The method according to Claim 1, wherein the electrolyte is a proton

exchange membrane.

4. The method according to Claim 3, wherein the fuel cell catalyst

electrode is a fuel cell cathode.

5. The method according to Claim 4, wherein the getter electrode is a

fuel cell anéde.

6. The method according to Claim 1, wherein the fuel cell catalyst
electrode is the fuel cell anode, and wherein the getter electrode is a removable getter

electrode other than the cathode.
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7. The method according to Claim 3, wherein the fuel cell is a polymer

electrolyte fuel cell.

8. The method according to Claim 7, wherein the polymer electrolyte fuel

cell is_ a direct methanol fuel cell.

9. The method according to Claim 1, wherein the getter electrode
comprises at least one of ruthenium, iron, chromium, cobalt, mblybdenum,
manganese, magnesijum, nickel, osmium, rhodium, tungsten, rhenium, yttrium,

titanium, platinum, gold, iridium, palladium, and combinations thereof.

10. The method according to Claim 9, wherein the getter electrode
comprises at least one of platinum, gold, iridium, palladium, and combinations

thereof.

11. The method according to Claim 1, wherein the fuel cell catalyst
electrode comprises one of a platinum alloy, a transition metal, and a cathode catalyst

comprising at least one transition metal and at least one chalcogen.

12. The method according to Claim 11, wherein the at least one transition
metal is selected from the group consisting of ruthenium, iron, chromium, cobalt,
molybdenum, manganese, magnesium, nickel, osmium, rhodium, tungsten, rhenium,

yttrium, titanium, and combinations thereof.

13. The method according to Claim 11, wherein the cathode catalyst
comprises least one transition metal in elemental form capable of reducing oxygen
and at least one chalcogen in elemental form disposed on at least a portion of a

surface of the transition metal.

14. The method according to Claim 1, wherein the at least one contaminant

comprises a metal oxide.

15. The method according to Claim 12, wherein the metal oxide is an

oxide of a metal selected from the group consisting of ruthenium, iron, chromium,
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cobalt, molybdenum, manganese, magnesium, nickel, osmium, rthodium, tungsten,

rhenium, yttrium, titanium, platinum, gold, iridium, and palladium.

16. A method of removing at least one contaminant from a membrane

electrode assembly of a fuel cell in situ, the method comprising the steps of:

a. providing a membrane electrode assembly to the
fuel cell, the membrane electrode assembly comprising a fuel cell electrode, the fuel
cell electrode comprising the at least one contaminant and one of a platinum alloy, at
least one transition metal, and a cathode catalyst comprising at least one transition

metal and at least one chalcogen;

b. providing a getter electrode to the fuel cell,

wherein the getter electrode is electrically connected to the fuel cell electrode;

c. contacting the fuel cell electrode and the getter

electrode with a proton exchange membrane; and

d. providing a voltage across the fuel cell electrode
and the getter electrode, wherein the voltage is sufficient to drive the at least one
contaminant from the fuel cell electrode through the proton exchange membrane to

the getter electrode, thereby removing the at least one contaminant from the fuel cell

electrode.

17. The method according to Claim 16, wherein the fuel cell electrode is
the cathode.

18. The method according to Claim 17, wherein the getter electrode is the

getter electrode is the anode.

19. The method according to Claim 16, wherein the fuel cell electrode is
the anode, and wherein the getter electrode is a removable getter electrode other than

the cathode.
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20. The method according to Claim 16, wherein the fuel cell is a polymer

electrolyte fuel cell.

21. The method according to Claim 16, wherein the polymer electrolyte

fuel cell is one of a direct methanol fuel cell.’

22. The method according to Claim 16, wherein the getter electrode
comprises at least one of ruthenium, iron, chromium, cobalt, molybdenum,
manganese, magnesium, nickel, osmium, rhodium, tungsten, rhenium, yttrium,

titanium, platinum, gold, iridium, palladium, and combinations thereof.

23. The method according to Claim 22, wherein the getter electrode
comprises at least one of platinum, gold, iridium, palladium, and combinations

thereof.

24. The method according to Claim 16, wherein the platinum alloy is
selected form the group consisting of platinum/ruthenium alloys, platinum/nickel

alloys, platinum/chromium alloys, and combinations thereof.

25. The method according to Claim 16, wherein the at least one transition
metal is selected from the group consisting of ruthenium, iron, chromium, cobalt,
molybdenum, manganese, magnesium, nickel, osmium, rhodium, tungsten, rhenium,

yttrium, titanium, and combinations thereof.

76. The method according to Claim 16, wherein the cathode catalyst
comprises least one transition metal in elemental form capable of reducing oxygen
and at least one chalcogen in elemental form disposed on at least a portion of a

surface of the tfransition metal.

217. The method according to Claim 16, wherein the at least one

contaminant comprises a metal oxide.

28.  The method according to Claim 27, wherein the metal oxide is an

oxide of a metal selected from the group consisting of ruthenium, iron, chromium,
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cobalt, molybdenum, manganese, magnesium, nickel, osmium, rhodium, tungsten,

rhenium, yttrium, titanium, platinum, gold, iridium, and palladium.

29. A method of improving fuel cell performance, the method comprising

the steps of:

. a. providing a membrane electrode assembly to the
fuel cell, the membrane electrode assembly comprising a fuel cell electrode, the fuel
cell electrode comprising the at least one contaminant and one of a platinum alloy, at
least one transition metal, and a cathode catalyst comprising at least one transition

metal and at least one chalcogen;

b. providing a getter electrode to the fuel cell,

wherein the getter electrode is electrically connected to the fuel cell electrode;

c. contacting the fuel cell electrode and the getter

electrode with a proton exchange membrane; and

d. providing a voltage across the fuel cell electrode
and the getter electrode, wherein the voltage is sufficient to drive the at least one
contaminant from the fuel cell electrode to the getter electrode, thereby removing the
at least one contaminant from the fuel cell electrode, and wherein removing the at

least one contaminant from the fuel cell electrode improves fuel cell performance.
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