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Development of a Novel CO Tolerant Proton Exchange
Membrane Fuel Cell Anode

Andrew T. Haug,** Ralph E. White,®** John W. Weidner,2*** 2
and Wayne Huand

aCenter for Electrochemical Engineering, Department of Chemical Engineering, University of South
Carolina, Columbia, South Carolina 29208, USA

Plug Power, Incorporated, Latham, New York 12110, USA

‘Energy and Environment Applications Center, Institute for Materials, School of Nanosciences and
Engineering, State University of New York at Albany, Albany, New York 12203, USA

Typically Pt is alloyed with metals such as Ru, Sn, or Mo to provide a more CO-tolerant, high-performance proton exchange
membrane fuel celPEMFQ anode. In this work, a layer of carbon-supported Ru is placed between the Pt catalyst and the anode
flow field to form a filter. When oxygen is added to the fuel stream, it was predicted that the sl&@imdtics of Ru in this filter

would become an advantage compared to Pt and Pt:Ru alloy anodes, allowing a greater percentagexitie adsorbed CO

to CO,. With an anode feed of 4 2% O,, and up to 100 ppm CO, the Rt Ru filter anode performed better at 70°C than the
Pt:Ru alloy. The oxygen in the anode feed stream was found to form a hydroxyl species within the filter. The reaction of these
hydroxyl groups with adsorbed CO was the primary means of CO oxidation within the filter. Because of the resulting proton
formation, the Ru filter must be placed in front of and adjacent to the Pt anode and must contain Nafion in order to provide the
ionic pathways for proton conduction, and hence achieve the maximum benefit of the filter.

© 2002 The Electrochemical Society.DOI: 10.1149/1.1479726All rights reserved.

Manuscript submitted July 11, 2001; revised manuscript received January 11, 2002. Available electronically May 15, 2002.

Proton exchange membrane fuel celREMFCs are gaining  from water at significantly lower potentials than Pt, 0.35 V for 50
popularity due to their benefits such as environmental friendlinessatom % Ru, and 0.2 V for 90 atom % RU!2%5This allows the
and increased fuel efficiency. Because of the difficulties inherent tocatalytic desorption of CO as G@o commence at lower potentials.
storing hydrogen, liquid fuels such as propane, natural gas, andhere is a linear relationship between the onset of CO oxidation and
gasoline are used to produce reformate gas. Dry reformate is typiRu composition(i.e., the shift in potential is linear with respect to
cally composed of 35-45% hydrogen, 15-25% carbon dioxide, 50-atomic fraction of Ru in the allgy However, the benefit of alloying
10,000 ppm carbon monoxide, and a balance of nitrogen. It has beeRt with Ru has only been shown to provide near equivalent perfor-
shown extensively that CO poisons the platinum catalyst used irmance to pure klon Pt for CO concentrations up to 100 ppm in the
PEMFC system$? Carbon monoxide chemically adsorbs onto feed stream for low-temperature fuel cell PEMFC operatitn.
available Pt catalyst sites as shown in Eq. 1 The injection of oxygen into the fuel stream has also been shown

CO + Pt— CO [1] to increase catalyst tolerance to &Y This “air bleeding” pro-
ads i H i
vides a greater concentration of active oxygen on the catalyst that

At concentrations as low as 10 ppm, CO lowers power output ofWill then react with CO to form C@. The following reactions are
the PEMFC-containing Pt electrodes by 56%The addition of a ~ 2Ssumed to occur at the Pt catalyst surfaceaddition to Eq. 1
preferential oxidatiodlPROX) unit to the fuel processing system can O, + 2Pt— 20,4 [4]
reduce CO concentrations in the reformate gas stream to approxi-
mately 50 ppm. Attempts to find catalysts both tolerant to CO and COsgs + Oags — CO, + 2Pt [5]
equivalent in performance to Pt have led to the alloying of Pt with 2Hggs + Oaqs— HoO + 3Pt [6]
Ru, Mo, W, Co, Ir, Ni, and SA:1° Used by themselves as anode i ) ,
catalysts, these metals do not provide the high rate of hydrogen The goal of the_ addition of_ an air bleed to _the _anode feed is to
oxidation necessary to achieve the current densities that make PEMromote the reaction shown in Eq. 5, the oxidation of (gOto
FCs competitive in the marketplaéé!'?The most commonly used CO.. Note the difference between Eg. 2 and 5. The reaction of
alloy is Pt:Ru. The Pt:Ru alloys combine the high catalyst activity of COags With OH,4s 0N Pt requires an overpotential, and hence ionic
Pt with the increased CO tolerance of Bif3 contact to the cathode regidim the form of the Nafion electrolyie

The oxidation of CQqsfrom the platinum catalyst surface in the Whereas the reaction shown in Eq. 5 does not. One of the problems
anode shown in Eq. 2 has been found to follow Langmuir- of adding Q to the gas inlet stream is that the reaction shown in Eq.
Hinshelwood kinetick 12 6 occurs at a much higher rate than the reaction ShO\i\ISI’I in Eq. 5.

_ Only about one of 400 ©molecules oxidizes CQsto CO,.* This,
COugs+ OHygs— CO, + HY + 2M + € [2] " and the fact that the mixture becomes combustible for concentra-
i i tions of oxygen in hydrogen above 4 vol %, limits the amount of
where M represents Pt or Ru. The reactions by which. Q¥ oxygen in the feed stream and limits the effectiveness of the air
formed on Pt and Ru are shown in E¢*3 bleeding technique.
M + H,O — OHygs+ HY + € (3] The first objective of this study was to determine if depositing a
layer of carbon-supported Ru on top of a typical carbon-supported
Pt anode(see Fig. 1 increases the effectiveness of the air-bleeding

The formation of OHg, shown in Eq. 3, is the rate-determining . . . o - A
step of this reaction and occurs on platinum at potentials of 0.7t€chnique in preventing CO poisoning. By first coming in contact

2,14,15 ; " with Ru instead of Pt, it was speculated that a larger percentage of
VIRHE and above? Ruthenium has the ability to form Qi the G, in the H,/CO/O, feed will react with CQgsthan in either a
Pt or a Pt:Ru alloy electrode. The selectivity of Eq. 5 and 6 would
. ) _ then shift toward the oxidation of Cg. Studies have shown that
e Eoctrochemica ggggg Sudent Member. the rate of hydrogen oxidation on pure Ru at 62tGughly the
**+ Electrachemical Society Active Member. operating temperature used in this experimemas two orders of
2 E-mail: weidner@engr.sc.edu magnitude lower than that of Pt measured under similar
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Table I. Types of MEUs tested.

MEU name Description

Pt (baseling 0.4 mg Pt/crA anode
0.5 mg Pt/crf cathode
Uncatalyzed Zoltek GDLs on anode and cathode

Pt:Ru 0.61 mg Pt:Ru/crhanode
0.5 mg Pt/crA cathode
Uncatalyzed Zoltek GDLs on anode and cathode
The atomic ratio of Pt to Ru
in the Pt:Ru alloy is 1:1,
resulting in an anode Pt loading of 0.4 mgfkm

Pt+ Ru(Ru filten 0.4 mg Pt/crA anode
0.5 mg Pt/crA cathode
0.21 mg Ru/crf coated Zoltek GDL
on the anode
Uncatalyzed Zoltek GDL on the cathode side

HZPREREZEZ

for 2 min at 205°C. The assembly was cooled to room temperature

before the decals were carefully pealed from the assembly, leaving
GDL Ru/C Pt/C an MEA.

Figure 1. Diagram of the Ru-filtered anode. The feed gases pass through the D€Velopment of the Ru filter-Ru filters on both the catalyst and
GDL and come in contact with the Ru filter before reaching the Pt anode.flow channel sides of the GDL were studied. Ru inks containing 35

The Ru filter acts as a chemical barrier on whichdidizes the CO present ~ and 10% Nafion solids by weight, respectively, were prepared in a
in the feed stream to CQ preventing a loss in the Pt anode performance due Similar method to Pt and Pt:Ru catalyst inks. The ruthenium ink was
to CO poisoning. applied to the microlayer side of an uncatalyzed Zoltek GDL with a
cross-sectional area of 50 énA Meyer rod was used to achieve a
target loading of 0.21 mg Ru/cmAfter the Ru/C catalyst was ap-
plied, the GDLs were dried at 105°C and ambient pressure for 10
conditions’> CO has been shown to have similar adsorption min. Ru filters placed on the flow channel side of the GDL were
strengths onto Ru as B4171°Thus, the slow K kinetics of pure Ru  Prepared in a similar manner and with identical loadings.

would become an advantage, allowing a greater percentage taf O Cell assembly and testingThe three types of 50 cn

oxidize CQgs to CO, rather reacting with adsorbed hydrogen 10 memprane-electrode unitMEUS) prepared and tested are shown in
form water. Pt catalyst is then placed after Ru to oxidizeadd  Tgple I

maintain the high PEMFC performance. _ The MEUs were placed in a 50 émell. The cell was assembled
_The second objective was to characterize the mechanism of CQq incubated for 4-8 h at ambient pressure, cell temperature of
oxidation occurring within the Ru filter by varying the Nafion con- 70ec  an anode feed of hydrogen, a cathode feed of air, and a
tent(10 or 35 wt % within it and its placement along the anode. The gygichiometric ratio(actual flow/stoichiometric flow required for a
Ru filter can be placed between the gas diffusion |&&DL) and Pt 1.0 Alen? curreny of 1.5 at the anode and 2.0 at the cathode.

anode as shown in Fig. 1, or between the flow channels and th&. . o
. ' - . ngle-cell performan r r n nder th n n
GDL. By varying the placement of the Ru filter, the role of Nafion %étgi}neT(;eblepﬁ ormance curves were obtained under the conditions
electrolyte in CO oxidation could be determined. An alternate test station was used to conduct trials using CO
concentrations greater than 50 pgh,, H, + 50 ppm CO, H
Experimental + 100 ppm CO, and k+ 200 ppm CQ. The data attained on
this station were consistent and reproducible, however, problems
Development of Pt and Pt:Ru catalyst MEASThe method de- o : | o o
scribed in Patent no. 5,211,984 provides an outline for NCI angd"ising from excess water entering the test cell on these trials limit

membrane electrode assemblyEA) manufacture in this projeéf. comparisons of this data to a qualitative nature.
The Pt and Pt:Ry1:1 atomic ratip catalysts were bonded to the Results and Discussion
Nafion 112 proton exchange membra(feEM) in several steps. ! .
These steps Fi)ncluded the fo?mulation of the catalyst inks, appl?cation Performancg of the Ru fllter—F_lgures 2 and 3 ShO\.N the_ perfor-
of the inks to decals, and transference of the dried catalyst ink fromfn@nce of a PtRu and Pt Ru filter anode under five different
the decal to the membrane. Inks were prepared for Pt and Pt:Ru bnode feeds:ij hydrogen, {i) reformate; {ii) reformate+ 2%
adding the E-TEK catalyst to a solution of 5 wt % Nafi@uPony. Oz, (iv) reformate+ 1% O,, and () reformate+ 0.5% G,. In

The components of the ink were added to an appropriate sizéhe case of Pt:Ru, as the amount of oxygen in the feed is reduced,
bottle (evacuated with helium to avoid sparkirand then stirred for ~ the performance decreases in a continuous fashion. For+a R
a minimum of 8 h to ensure uniformity of the ink. Three-ply Teflon anode, there is very little difference in performance between
decals were weighed prior to applying the application of the reformate+ 2% O, and reformatet 1% O,, but as the concen-
ink. The ink was drawn across the surface of the Teflon decaldration of the oxygen in the reformate is reduced to 0.5%, there is a
using a Meyer rod. The loadings of 0.40 mg Ptfcifanode, sudden drop in performance such that the performance curve re-
0.61 mg Pt:Ru/c and 0.50 mg Pt/cf(cathod¢ were achieved. sembles that of pure reformate. For conditions of 1-2%(l6y vol-
The coated decals were then dried in an oven at 105°C and ambientme of H,) addition to the reformate feed stream, thetPRu filter
pressure for 10 min to remove any remaining alcohols from the ink.performed better than the Pt:Ru alloy anode.

To form an MEA with an active area of 50 émdecals coated Figure 4 compares the cell performance of Pt, Pt:Ru, and Pt
with an anode and cathode were placed on either side of a Nafiont Ru filter anodes under conditions of reformatel.0% O
112 membrandproton form. The assembly was then hot-pressed bleed. Under these conditions, the Ru filter outperforms a Pt:Ru

Downloaded 19 Jul 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



A864 Journal of The Electrochemical Society49 (7) A862-A867 (2002

Table 1. Fuel-cell test conditions. ! ‘ ! ‘ : : | | " Anode Feed
! ! . ! ! ! ~®- Reformate
Pressure 1 atrfanode and cathogle N N S S I — — L] e Roformate + 2% 02
N NS . ! . . . —©-Reformate + 1% 02
Cell temperature 70°C 07 +---Y BNy S (R S, t--{ o Reformate + 0.5% 02
Stoichiometric ratioat 1 A/cnt) 1.5 Anode(hydrogen : o oo R
2.0 Cathoddair) LN S 2 U S R R
) 05 1- - ] - P R e j— —————
Feedstreams Anode: hydrogen, reformate, % ' b 5 | ek !
reformate+ air bleed, > 047 N : 1 ! ! NN A
H, + CO + air bleed P SHRES N ‘ : A S —
Cathode: air : 1 ; ‘ | | : X | ; |
[ R booos EREE tooo- - i-oo- R bros-e SREEE TRRRES
Dry reformate composition 40% H, PP T O SR S S S SOOI U SO S
20% CQ SRR N IR NN
50 ppm CO 0 ‘ ‘ ' ‘ ;
balance u 1] 0.1 0.2 0.3 04 0.5 0.6 07 0.8 09 1 1.1 1.2
Current Density (A/cm?)
Humidification Complete humidification

of anode and ) Figure 3. Single-cell performance comparison of the-PtRu filter for vari-
cathode gas streams for all trials. ous anode feed® = 1 atm,T = 70°C.

Air bleed 0.5, 1.0, 2.0% @ (in the form ’ : . . ‘
of an air bleed relative ; Catalyst, Amode Feed

to the volumetric flow of R R e Bt 11

hydrogen in sim -#-Pt, Reformate + 1% 02
—* Pt:Ru alloy, Reformate + 1% 02

CO amounts 50 ppm in reformate 07 4o e 1 ooon oo L2 Pt Ru Fiter, Reformate + 1% 02
50, 100, 200 ppm in ki

0.6 TR 1~ h e

i NGt S Y IR AR Rl SRR Ry

EO.

% ; ‘

gosT- A N R R s S

alloy anode of an identical loading by the greatest margin. At 0.6 V, $

the current density produced from the cell containing the-FRu

filter is almost double that of an identical cell using the Pt:Ru alloy. :

The Pt:Ru shows performance improvement over the plain Pt anode 02 7-------=--i----- ek A :

only at voltages below 0.5 V. : : ‘ ‘
Conversely in Fig. 5, the cell performance of the Pt:Ru alloy for

reformate+ 0.5% O, shows the greatest tolerance to CO of the °

three anodes. At 0.6 V, the Pt:Ru cell provides 50% more current

than the Pt+ Ru filter. Both Ru-containing anodes do perform bet-

ter than the pure Pt anode, but there is little benefit gained fromrigure 4. Single-cell performance comparison of Pt, Pt:Ru, and+FRu

using the Pt+ Ru filter instead of a pure Pt anode. Similarly, in Fig. filter for an anode feed of reformate 1% O, bleed. P = 1 atm, T

6, with no air bleed in the reformate stream, the Ru filter shows= 70°C.

performance resembling that of a pure Pt anode, while the Pt:Ru

alloy anode exhibits some CO tolerance. In all cases these results

were reproducible over several trials using different MEAs of iden-

tical loadings. 09
Thus, without sufficient oxygen in the anode feed to oxidize CO 44

to CO,, the CO penetrates the Ru filter and poisons the Pt region of

the anode. A representation of this is shown in Fig. 7 where the

04

0.3 7

01 02 03 04 05 06 07 08 09 1 11 12
Current Density (A/cm?)

Catalyst, Anode Feed |
: 1~ Pt, H2

—#—pt, Reformate + 0.5% 02

-4 Pt:Ru alloy, Reformate + 0.5% 02

07+ ~€- Pt + Ru Filter, Reformate + 0.5% 02

S 06 ' ‘ ' =il i””’f """""" [
g [ S R L
g 05 : ‘ T
1 " " : T . 5 | | i
' ) ' Anode Feed P 04 R oA i it e S
09§ [ [ oTTTATTTTTIT —-H2 | | 1 | |
. . . | i I 08 fmmmame - TR mee-- 4o e RREE N
0.8 1 e R A [ S S —%Reformate H : i \ | i 1 1
’ : | ! 1 3 —*+—Reformate + 2% 02 0.2 —7“»{ ----- :L —————————— b ‘ 77777777777 oo denao- R bo---o
0.7 NS e Rt —6-Reformate + 1% 02 | ' . : 3 i 3 H ;
: N ‘ : : ! —5—Reformate + 0.5% 02 01 I [ crTTTETTTT cTTTTATTTTTE T
06 T~ XX N i e et ieetelel Mt i T R . . : : : : ! !

0 0.1 0.2 03 0.4 0.5 08 07 08 09 1 14 12

Voltage (V)
o
o

04 Lot R T e Feoe- 4----- Current Density (A/cm?)
Y I b TN i L

1 ‘ ‘ | } ; } : Figure 5. Single-cell performance comparison of Pt, Pt:Ru, and+FRu
02777 T A [ o T rTT T filter for an anode feed of reformate 0.5% O, bleed.P = 1 atm, T
e S - 70°C.
0 —_—

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.g 1 1.1 1.2
Current Density (A/em?) shading indicates the relative concentration of CO in the anode. As
CO is oxidized, the concentration of CO decreases as it passes
Figure 2. Single-cell performance comparison of Pt:Ru for various anode through the filter region. Figure 7a is indicative of adding 1-2% O
feeds.P = 1 atm,T = 70°C. to the reformate stream. All CO is oxidized from the feed stream
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1 T T v 1 v T T
Catalyst, Anode Feed Anode Feed
00 8- —py H2 09 -2
0.8 1N A (R S Ll | Pt Reformate 1 R L =~ H2 + 50 ppm CO + 2% 02
- ‘ ! ‘ ! ! | —=—PtRu alloy, Reformate 08 ; ; ; ; i1 —+Hz + 100 ppm €O + 2% 02
0.7 +-- L ‘ ‘ : : 1 ‘ —e-pt + Ru filter, Reformate 07 +----2% :_ >~ H2 + 200 ppm €O + 2% 02
S 06 T - pWhoooodooooo e T R e S R S 06 f-i - D D T G AEREEEEEEEE R D R B
e ! : ‘ ‘ ‘ ‘ ‘ ‘ 2 : N : : : : : :
g 05T T S Bos| i D N N e
S LN Lo Lo | g | A DN Ny
L e G it N bt A . [ NG L e e S W N
T Rt R e e R S S S R B
e T . S e
P S S S PN S L N O S S PR SRS N N S S S N S S S
0 ‘ ‘ : ! : : 0 : : : ‘ | ‘
0 ©01 02 03 04 05 06 07 08 08 1 11 12 o 01 02 03 04 05 06 07 08 09 1 11 12
Current Density (A/cm?) Current Density (A/cm’)
Figure 6. Single-cell performance comparison of Pt, Pt:Ru, and-FARu Figure 8. Single-cell performance comparison of the-PtRu filter for an
filter for an anode feed of reformatB. = 1 atm, T = 70°C. anode feed consisting of hydrogen2% O, + various CO concentrations.

P =1 atm, T = 70°C.

before it reaches the Pt portion of the electrode and as a result, the
cell operates with minimal performance losses. Figure 7b iIIustrate§er

that when the Ru filter fails to oxidize CO before it diffuses through '€ methods for CO oxidatiorl. In the mechanism shown in Eq. 2,
the filter region, the remaining CO then encounters the pure Pt electn® Oxidation of CO generates’iHwhereas the CO oxidation de-

trode where it poisons the Pt through the reaction shown in Eq. 1. Scribed in Eq. 5 produces no ions. Thus, by removing the electrolyte
A decrease of the Dconcentration in the anode fedHig. 3 that allows H to diffuse away from the reaction site, CO oxidation
or an increase in the CO concentration in the anode feed strearfifough the mechanism in Eq. 2 can be effectively prevented. This
results in the eventual failure of the Pt Ru filter anode. Figure 8 enables_ the (_:O oxidation th_rough Eg. 5 to be isolated a_md analyzed.
shows the performance of the Ru filter anode when using an anodﬁ The isolation of the Ru filter was achieved by applying it to the
o]

o . wfield side of the electrolyte, thus separating it from the Pt elec-
feed of hydrogen, 2% £ and various levels of CO. When 50 ppm trode by the GDL. The Toray GDL contained no Nafion electrolyte

CO is present, there is almost no reduction in performanceand was sufficiently thick175 wm) to provide adequate separation
(0.43-0.42 Alcrd at .0'6 \0 This is Inconsistent with the same from the Pt electrode. To further characterize these two mechanisms,
amount of CO contained in a reformate stredfy. 3 and can be  p fiters containing 10 wt % Nafion were tested on both the mem-
attributed to the dilution of hydrogen in the reformate streg@om- brane and flowfield sides of the GDL

pletely humidified at 70°C, reformate 2% O, in the form of an Figure 9 shows the effect of varying the Nafion content within
air bleed contains 28% 3y volume compared to a 70 vol %,H  the Ru filter and the effect of the placement of the Ru filter for an
foran H, + 2% O, feed) Because hydrogen must diffuse through sn0de feed of reformate-2% O,. Of the four types tested, the Ru
the Ru filter in order to react on the Pt electrode, additional diffu- fjjter placed on the membrane side of the GDL and containing 35 wt

sional resistance accounts for the remaining performance losse, Nafion showed the greatest performance. Both Ru filter types
compared to the perfomance of a baseline MEA with an anode feed

of pure hydrogen. As the CO level increases to 100 ppm, the current
density decreases from 0.42 to 0.38 Afcat 0.6 V, indicating that
the limit of the Ru filter may have been reached. At 200 ppm CO,

Mechanism of the Ru filte—Equations 2 and 5 present two dif-

Catalyst, Anode Feed

the drop in performance is much largér38-0.23 A/cr at 0.6 ). 09 """ ””” ::::Dmmz%oz
In this case, not all the CO is oxidized in the Ru filter region, o8 +Wc------r----------d-=--- femm 3| e prs R it #1, Reformate + 2% 02

resulting in the poisoning of the Pt portion of the electrode. This
trend is qualitatively similar to the reduction of the air bleed as
shown in Fig. 3.

—6—Pt + Ru Filter #2, Reformate + 2% 02
=&~ Pt + Ru Filter #3, Reformate + 2% 02
—*— Pt + Ru Filter #4, Reformate + 2% 02
T T T T T

Voltage (V)
o
o

— — o b N T N
M Mj |
H gl —  aol-ooio. A N S S S [ R O [ d
s A 02 g e
Co, M co M ! ! !
o, ||B co, || B Lo e e e [
R %, /IR 3
A A 0
N N 0 o1 02 03 04 05 06 07 08 09 1 11 12
; E E E Current Density (A/cm’)
GDL Ru/C Pt/C L GDL Ru/C Pt/C L

Figure 9. Single-cell performance comparison of the-PtRu filter for an
Figure 7. A schematic representation of the species present in the variousanode feed of reformate 2% O,. P = 1 atm,T = 70°C. The filter con-
regions of the Pt Ru filter anode. The shading indicates the relative con- figurations are defined as follows: filter no.(3-A—) contains 35 wt %
centration of the CO in each regidithe lighter the shade, the lower the Nafion and is placed on the membrane side of the GDL; filter fe=®—)
concentration In (a) all CO is oxidized within the filter region and the Pt contains 35 wt % Nafion and is placed on the flowfield side of the GDL;
catalyst receives CO-free gas.(Iln) the concentration of CO in the inlet gas filter no. 3(—[1—) contains 10 wt % Nafion and is placed on the membrane
is too great to be completely oxidized within the filter and poisons the anodeside of the GDL,; filter no. 4—A—) contains 10 wt % Nafion and is placed
catalyst. on the flowfield side of the GDL.
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placed on the flowfield side of the GDL provide almost no benefit when the filter is placed on the flowfield side of the GDL, but the
over the pure Pt anode, providing 0.14 and 0.16 Al@h0.6 V rate of Reaction 11 is far greater than Reaction 13 when the filter is
compared to 0.34 A/cfn The Ru filter on the membrane side of the ionically connected to the MEA.
GDL and containing 10 wt % Nafion performed similar to the 35wt~ The hydroxyl group in Reaction 11 can be formed either from
% filter for 0.6 VV and above, but the lack of electrolyte present mostoxygen through Reactions 9 and 10 or from water through Reaction
likely induced H" diffusion limitations at a lower current density. ~ 12. In fact, both are occurring within an Ru filter when it is adjacent
Thus, it is believed that the following mechanism is occurring in to the Pt anode. The mechanism primarily responsible for the CO
the ruthenium filter for a fully humidified fuel stream containing tolerance of the Pt:Ru alloy is comprised of Reactions 11 and 12.

oxygen, hydrogen, and carbon monoXiti&® Figure 6 shows that in the absence of an air bleed, there is only a
small performance increase relative to a pure Pt anode. Thus, the
Ru+ Hy <> 2Hags [7] formation of OHgs through the reverse of Reaction 12 is not the
primary source of the hydroxyl species needed for Eq. 11. It is clear
Ru + CO — COyqs (8] that the Pt:Ru alloy performs better under reformate conditions.
0. + 2RUw 2 O o] Gasteiget:1?143%erformed extensive research on this mechanism
2 ads and found that while OHsis indeed formed at lower potentials on
Hags + Oads— OHags+ RU [10] Ru than Pt, the hydroxyl group also forms a stronger bond on pure
Ru than a 1:1 atomic ratio Pt:Ru alloy, resulting in higher CO oxi-
COygs + OHags— CO, + HT + 2Ru+ €~ [11] dation potentials on pure Ru than on the Pt:Ru alloy. It can be
. B speculated that the rate of formation of Qkin the Ru filter is
H™ + e + OHygs HO + Ru [12] equivalent to that in the Pt:Ru alld§.However, it is clear from Fig.
6 that without the presence of oxygen in the anode feed that only a
COags + Oags— CO, + 2Ru [13] fraction of the CO is oxidized in the Ru filter and that the remaining
Hoe— H* + & + Ru [14] CO poisons the Pt anode.

Thus, the primary method by which CO tolerance is achieved by
the Ru filter is by the formation of O}fs from oxygen in the air

Reactions 7-9 represent the adsc_)rptlon OT species onto the R leed. The explanation of near complete oxidation of CO at concen-
catalyst. Reaction 10 represents an intermediate reaction on Ru rer

lting in the f i f0 Lik bt i iativel rations up to 100 ppm is the result of Reactions 9-11. That near
SE |ngb|n eR ormafl ono 2%3:32:Qe on 7t leflgj]_in ISSOCIAIVEYY 00 free performance is achieved with the addition of 2%t®the
adsorbs on Ru to form £ eactions 11-14 represent com- ,,,4e feed while the filter provides almost no benefit under refor-
peting desorption reactions on the Ru catalyst. Equation 13 is wel

: Co 1 ate conditions is evidence that Reactions 9-11 are the primary
documented as following Langmuir-Hinshelwood kinetics on Pt and means of CO oxidation within the filter region.

34,35 ; ; ;
F:]u. Olf t_he hdesorgthn re?Ct'onSLI_Eq' El ang 13 %re ddesm:]d a5 The key is that @sforms OH,y before reacting with a second
they result in the oxidation of Cfa. The above-described mecha- proton to form water. This is where the benefit of the Ru filter lies.

nism is not a comprehensive list of all reactions occurring within the The oxidation of Hus occurs within the filter according to Reaction

e_mode region. It focu_ses on those reactions that lead to CO 0Xidai4 forming H. Because the kinetics of hydrogen adsorption on Ru
tion. For example, evidence has been found thibHs formed as is several orders of magnitude slower than on Pt, there is a lower
an intermediate during oxygen reduction at overpotentials as low as ncentration of b, in the filter region and more of an opportunity
0.5 V3¢ However, HO, breaks back down to oxygen-containing ats

compounds at or even before reaching the catalyst suffate ]:|9hr ct?aﬁ(s t(} ;ﬁaﬁg Vé'th OHs, _(;e?_ultlng in the f(t)krlmaptlon of CQH
The rationale for the placement of the filter on the flowfield side € bulk of the hydrogen oxidation occurs In the Ft region. FHow-

. . L . ever, protons must be present within the Ru filter for Reaction 10 to
ofthe GDL is that if the oxidation of CQ,were to proceed via Eq. . | "3 because these protons will also shift Reaction 12 toward
11, a three-phase interfadanode gas, Nafion, and Py@ not

needed in the catalyst mixture because there are no ions or electroﬁge formation of HO, there is a limit to the benefit of the Ru filter.

to be transported away from the reaction site. Because some Nafion .

is necessary in the Ru filter to act as a binder, the Ru filter was Conclusions

merely placed on the flowfield side of the GDL. There is no Nafion  For an anode feed stream consisting of refornfetataining 50
electrolyte in the GDL to allow proton transport and the GDL is ppm CO and 1-2% oxygen, the Pt Ru filter electrode shows
sufficiently thick (~5 mil). Without the Nafion electrolyte as a con-  increased CO tolerance compared to a Pt:Ru alloy containing similar
duit and because of the long distance that the protons must travebhmounts of Pt and Ru. For CO concentrations up to 100 ppm and 2
the formation of CQ through Eq. 11 does not occur to any signifi- vol % O,, the Pt+ Ru filter anode also shows superior perfor-
cant extent and the reaction shown in Eq. 13 is isolated. Thus, thenance. It is likely that the oxidation of the CO within the Ru filter is
amount of CQqs oxidized through the reaction shown in Eq. 13 is primarily due to oxygen reacting to form Qig, which then elec-
also insufficient to provide the levels CO tolerance shown in bOthtrochemicaIIy reacts with CQ.to form CGO, and protons.

Fig. 3 and 8. This is consistent with literature, where it is also shown  However, with insufficient oxygen<(1 vol %) or too much

the_lt R_u is one of the least activc_a metals for this metho_d of COc (>100 ppm), not all CO is oxidized in the Ru filter. Remaining
oxidation at_the oxygen partial pressures used in thesesq reaches and then poisons the Pt region of the IRu filter

experiment$>2° T T
Furth id f th le of Nafi tent in th b anode. As a result, cell performance under those conditions is worse
urther evidence of the role of Nafion content in the membraney - "« pt-Ru alloy anode.

is shown for the cases in Fig. 9. Significant CO oxidation only Because benefits of the Ru filter occur at high levels air bleed

occurs when the Ru filter is placed adjacent to the Pt anode. This i%Z% 0,) and the Pt:Ru alloy provides CO tolerance even without air

evidence that protons are formed as product of CO oxidation. Th L . .
Nafion electrolyte is the necessary conduit for the protons to movgoleed’ it is suggested that the anode configuration that would pro-

away from the reaction site and when this conduit is present, cell;/Ide o?tlmgl %O tolerancepwguld l(|:0n5|st of an Ru filter placed in
performance increases when all other parameters are uncha1nge(§(.)nt ofand adjacent to a PtRu alloy.
The increased performance under conditions of increased Nafion
content shown in Fig. 9 is further proof that G@Qoxidation is
occurring by the mechanism that involves the formation of protons  The authors acknowledge the financial support from the National
which is described in Reaction 11. Thus, Reaction 13 does occur tdnstitute of Standards and Technology under cooperative agreement

a small extent as evidenced by the slight increase in performancao. 70NANB8H4039.
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