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It is well-known that platinum/ruthenium fuel cell catalysts show enhanced CO tolerance compared to pure
platinum electrodes, but the reasons are still being debated. We have combined cyclic voltammetry (CV),
temperature programmed desorption (TPD), electrochemical nuclear magnetic resonance, and radio active
labeling to probe the origin of the ruthenium enhancement in Pt electrodes modified through Ru deposition.
The results prove that the addition of ruthenium not only modifies the electronic structure of all the platinum
atoms but also leads to the creation of a new form of adsorbed CO. This new form of CO may be ascribed
to CO chemisorbed onto the “Ru” region of the electrode surface. TPD and CV results show that the binding
of hydrogen is substantially modified due to the presence of Ru. Surprisingly though, TPD indicates that the
binding energy of CO on platinum is only weakly affected. Therefore, the changes in the bond energy of CO
due to the ligand effect only play a small role in enhancing CO tolerance. Instead, we find that the main
effect of ruthenium is to activate water to form OH. Quantitative estimates based on the TPD data indicate
that the bifunctional mechanism is about four times larger than the ligand effect.

Introduction methanol) adsorbed on Pt electrode surfaces decorated with Ru
has shown that there is a significant electronic alteration for
platinum atoms near ruthenium islands. However, Pt atoms away
from Ru are only weakly affected.

Ruthenium addition is known to substantially enhance the
CO tolerance of platinum fuel cell anodes. The increased CO
tolerance allows fuel cells to run with reformates. It also . . .
enhances the rate of direct methanol electrooxidation. The origin In this report, severa! sur_fac_:e tech_nlques are combined to
of ruthenium enhancement is not completely understood. Therepmt.’e the role of ruthenium in Improving the CO toler.ance of
are two widely accepted theories for the enhancement: the platinum fgel cell cataly§ts. .CyC“C voltammetry (CV) is used
bifunctional mechanist® and the ligand modé’® The to determine how the klnetlcs_ of CO and hydrogen remqval
bifunctional mechanism holds that the main effect of the from the su_bstrate change n the presence of ruth_emum.
ruthenium addition is to activate water molecules on the Electroggemlcal nuclear rpar?netllc resonance (EC.NMRg Is used

: ; to provide a measure of the electronic interactions between
ruthenium surface to yield RtOH adsorbed CO (from CO saturated media) and the metal substrate.
Radioactive labeling is used to measure the onset potential for
CO oxidation. Temperature programmed desorption (TPD) is
used to quantify the changes in binding energies of the various
species, and the activation energy of surface hydroxide forma-
tion. A comparison is made between the measurements carried
out on ruthenium modified Pt(110) single crystals and platinum
nanoparticles.

RW’ + H,0— Ru-OH+ e + H" 1)

CO then migrates along the anode surface to react with the Ru
OH

Pt-CO+ Ru-OH—CO,+ e + H" + P+ R (2)

Pure ruthenium forms surfacg hydroxides at lower potentials Experimental Section
(>0.3 V vs RHE) than on platinum (0.6 V vs RHE$;11:1250
the removal of CO is much faster on a platinum/ruthenium  The TPD experiments were preformed on a Pt(110) single
surface than on pure platinum. crystal, in a UHV chamber having a base pressure »f10~1°

The Ligand model asserts that the main role of ruthenium is Torr. The apparatus and procedures have been described
to modify the electronic structure of platinum surface by elsewheré* 1" The Pt (110) single crystal was cleaned by
interacting with the conduction band of platinum. This modi- heating in oxygen at 800C and sputtering with argon ions,
fication is then presumed to induce a weakening of theG® followed by annealing for 3 min at 100T. Ru deposited on
bond, so that less energy is required to oxidize the adsorbedthe single crystals through spontaneous deposition when used

CO. Previous NMR investigatidh of CO (generated from  for UHV experiments always showed some carbon contamina-
tion that was difficult to remove. Therefore, chemical vapor

*To whom correspondence should be addressed. deposition (CVD) was used to decorate the Pt single crystals
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Figure 1. (A) Cyclic voltammogram of a clean Pt(110) electrode at a sweep rate of 50 i 8.1 M HCIO, solution. Focusing on the hydrogen
adsorption/desorption region. (B) A series of 2 amu TPD spectra taken by exposing a clean Pt(110) surface to various amairit®@KHand
then heating at 15 K/s.

with Ru for carrying out the UHV experiments by heating the time (12 h) at low potentials, 0.9 monolayer CO coverage was
sample to 220°C in the presence of x 1078 Torr of Ru- attained. CO stripping was performed at a scan rate of 10 mV/
(CO)2. Rws(CO), deposits a mixture of ruthenium and carbon, min.
and so the carbon was removed by heating the sample to 300 Technical details of thé3C EC NMR measurements have
°C in 2 x 1077 Torr of oxygen for 30 min. The sample was been reported previousl:2°The Pt black based catalysts were
then cooled to 100 K, and 5 Langmuirs (L) of hydrogen were prepared as above by spontaneous deposition of Ru and NMR
added to reduce the surface oxide. Finally, the sample wassamples were made from these catalysts as follows: CO was
flashed to 600 K to remove any residual hydrogen. A ruthenium chemisorbed onto about 500 mg of catalyst frét@ (99%)
coverage of 0.25 monolayers was obtained in this way. The enriched CO solutions at an open circuit. Afteh ofadsorption,
sample was cooled to 110 K and dosed with hydrogen, CO, or excess CO was removed by purging with argon and rinsing with
water by backfilling the chamber. The TPD measurements were 0.1 M D,SOy. The nanoparticles were then transferred into an
carried out at a heating rate of 15 K/s. NMR ampule containing a small {22 mL) portion of electrolyte

The Pt(110) single crystal used in the hydrogen adsorption/ and then flame sealed. Spectra and relaxation rates were obtained

desorption electrochemical measurements was initially flame With @ home-built solid-state NMR spectrometer, operated in
annealed and cooled in a nitrogen/hydrogen atmosphere.8-5 T magnetic field.

Spontaneous deposition of ruthenium was carried out at 0.3 Vv The radioactive labeling experimetitswere done under
vs a RHE from RuGl dissolved in 0.1 M HCIQ@to form 0.20 potential control and slow scan-rate conditions, in a three-
monolayers of Ru8 The cyclic voltammograms were acquired electrode electrochemical cell. The bottom of the cell was a

either in 0.1 M HCIQ or in 0.1 M H,SO, at a scan rate of 50 radiation detector: a glass scintillation disk. The disk was
mV/sec. covered with 7.5:m thick polyimide film, onto which a 500 A

layer of gold was vacuum deposited. The working electrode
. ... was prepared by placing platinum black or ruthenium decorated
(ﬂoh?ﬁon_ Matthtey)thwerle tr_‘nodlfledbbg/ stpcinta_n?gLst degcisélltLon Pt nanoparticles on top of the gold conducting support. CO is
ot ruthenium onto the platinum substrate 1o yield from U.14 10 54q6peq onto the surface from 0.01 M methanol and 0.1 M

0.52 monolayers of ruthenium, as estimated by inductively H,SOy solution at 0.2 V vs a standard hydrogen reference
coupled plasma spectroscopy. From scanning tunneling micro- g|actrode.

scopy of Pt single crystals decorated by Ru through spontaneous
deposition, we have found that Ru forms essentially monolayer
islands of about 35 nm1® Though, there has not been any

direct evidence of the form in which Ru is deposited on Pt Hydrogen Desorption. Figure 1A,B compares the CV and
nanoparticle electrode surfaces, we assume that the behavior ispp spectra of hydrogen desorption from Pt(110). The CV
not different from that of Pt single-crystal surfaces. Electro- shows that hydrogen desorbs in two peaks at 0.086 and 0.150
chemical measurements were preformed on catalysts prepared/. The adsorption part of the CV consists of a peak at 0.084 V
by this technique. Currentime measurements of 0.5 M and a sideband between 0.150 and 0.20 V (Figure 1A), in
methanol electrooxidation in 0.5 MA30, were carried out at  addition to a peak near 0 V, associated witheidolution. These

0.3 V vs RHE with the current levels reaching steady-state data were taken in perchloric acid. When the same measure-
values within 10 h. Prior to the cyclic voltammetry measure- ments were done in sulfuric acid, the 0.150 V band moves to
ments, methanol was chemisorbed onto the catalyst surface td.160 V and the 0.086 V band is suppressed due to interaction
form CO at 0.19V in 0.5 M HSQ,. After extended adsorption  with the sulfate ions.

Commercial fuel cell grade platinum black nanoparticles

Results: Adsorption/Desorption Studies
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Figure 2. (A) Cyclic voltammogram of a Pt(110)/Ru electrode (obtained through spontaneous deposition) at a sweep rate of 5 DN ¢

HCIO, solution. (B) A series of 2 amu TPD spectra taken by exposing Pt(110)/Ru (obtained through CVD) to various amouatsléoH and

then heating at 15 K/s. At low exposures the hydrogen coverage is less that a full monolayer, while the coverage at the maximum exposure time
is in slight excess of a full monolayer.

At coverages below, of saturation, the TPD spectrum shows 3B shows a series of TPD spectra for CO desorption from
a single peak, commonly called tlfe peak, at 300 K (Figure Pt(110). At moderate coverages, only one peak is present at
1B).17 At higher coverages, a second peak, calledihpeak 515 K. At higher CO coverages, a second peak begins to form
grows into the spectrum at 270K The ; peak shifts to 230 at 415 K.
K with increasing coverage. At coverages above 40% of 13C EC NMR spectrum of chemisorbed CO from the CO
saturation, an additional peak commonly called ¢thpeak is saturated solution on platinum black nanoparticles in 0.1 M H
seen at 180 K7 SQq is shown in Figure 4A. A single resonance peak at 369
Figure 2A,B shows cyclic voltammogram and TPD spectra ppm is found as before in experiments where CO was generated
on ruthenium modified Pt(110) samples. The CV spectrum from methanol. For comparison, th& NMR spectrum of CO
shows a hydrogen desorption peak at 0.102 V and an adsorptioradsorbed via methanol oxidation is given in Figure 4B. Because
feature at 0.092 V (Figure 2A). There is also a hydrogen about 500 mg of Pt nanoparticles are required for the NMR
desorption feature at 0.040 V and an &volution feature at ~ sample preparation, methanol oxidation is found to produce CO
0.0 V. A comparison of Figures 1A and 2A shows that the coverages in the region 0-D.8 monolayers only. On the other
addition of a quarter of a monolayer ruthenium decreases thehand, when CO is adsorbed from CO saturated solution, surface
primary hydrogen desorption potential by about 10 mV. The coverage of about 0.9 monolayers can be achieved. The slight
secondary desorption peak observed on the clean platinumincrease in the width of the NMR spectrum for the CO
surface disappears with the addition of a quarter of a monolayerchemisorbed from the gas-phase arises due to the increased
ruthenium. The peaks are also broadened due to the increase imlipolar interaction between the CO molecules as a consequence
surface heterogeneity. There is also a 30% decrease in theof the higher CO coverage. The relaxation rates and their
amount of hydrogen adsorbed. temperature variation (see Table 1) are found to be identical
Figure 2B shows a series of TPD spectra for hydrogen for both the cases, implying that CO adsorbed on Pt has the
desorption from a ruthenium modified Pt(110) surface. Peaks same electronic properties irrespective of its source of genera-
are seen at 140170 K and at 260 K. The peaks are broader tion.
than that on the clean surface, similar to the behavior observed Figure 5 shows how the presence of ruthenium alters the CO
for CV. The total amount of hydrogen adsorption decreases to stripping CV, TPD spectrum for CO desorption afi@ NMR
a little less than one-half when ruthenium is present on the spectrum of adsorbed CO. Two CO stripping peaks are obtained
surface. A comparison of Figures 1B and 2B shows that the from slow scan cyclic voltammetry (10 mV/min) on ruthenium
binding of hydrogen is substantially modified by the presence modified platinum nanoparticles at 0.407 and 0.30 V (Figure
of ruthenium, proving that ruthenium has a significant effect 5A), corresponding to CO bound to platinum and ruthenium.
on the properties of platinum, even though pure ruthenium binds There are also two peaks at around 480 and 400 K in TPD
hydrogen strongly’ (Figure 5B), and two peaks at 359 and 159 ppm can be obtained
CO Binding. Figure 3A,B represents CO peaks on pure through standard deconvolution of ti&C NMR spectrum
platinum black probed via CO stripping CV and CO desorption (Figure 5C). A comparison of these results to those in Figures
TPD. In Figure 3A, CO was adsorbed onto platinum black 3 and 4 show that there are two key effects due to ruthenium
nanoparticles to form 0.9 monolayers. CO is then removed from addition: (i) a small shift in the peak positions for all of the
the surface by slowly scanning the potential (10 mV/min). As spectra and (ii) formation of a weakly bound form of CO that
the potential becomes more anodic, water is activated on thecan be associated with CO adsorbed on or near Ru islands.
platinum surface, and CO is oxidized by, for example, the It is interesting to quantify these two key effects due to the
following reaction presence of Ru. An Arrhenius plot on the initial part of the
TPD curves showa 2 kcal/mol decrease in the binding energy
Pt-CO+ Pt-OH— CO,+ 2P+ e + H"  (3) of CO compared to the clean surface. There is also a 10 ppm
shift in the13C NMR of CO bound to Pt atoms away from Ru
Figure 3A shows only one CO stripping peak at 0.522 V. Figure islands (remote Pt). Thus, it appears that all the CO molecules
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Figure 3. (A) CO stripping voltammogram on Pt black nanopatrticles,
at a slow scan rate of 10 mV/min in 0.5 M,80,, after 12 h of
methanol oxidation to form CO at 0.19 V vs RHE. (B) A series of 28
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Figure 4. (A) 3C NMR spectrum of chemisorbed CO from the CO

saturated solution on Pt-black nanoparticles. {&) NMR spectrum

of chemisorbed CO on Pt-black from methanol oxidation.

800 600 -200

TABLE 1: Comparison of the 33C NMR Spectrum of CO
Produced from CO and Methanol on a Nanocrystalline
Platinum Catalyst.

CO (from MeOH) CO (from CO gas)
peak (ppm) 369 369
TiT (s.K) 59 57
Ds,(Ef) (Ry.atom)?® 0.6 0.6
D2+ ( Ef) (Ry.atomjt 7.0 7.3

in a fuel cell because CO from the Ru phase is oxidized at
potentials at or below those typically used in a fuel cell.

Figure 6 shows how the CO coverage varies with exposure,
during CO adsorption on Pt(110) single crystals in UHV. On
the clean surface, there is an initial rapid rise in the coverage,
and then the coverage levels off. Similar behavior is seen on
the ruthenium modified Pt(110) sample except that the saturation
coverage is less than half of that on the clean surface.
Interestingly, the initial parts of the curves are identical on the
two samples suggesting that again the sticking probability is
identical on the two samples.

Figure 7A,B illustrates the effect of ruthenium on the back-
bonding of CO (adsorbed from CO saturated solutions) as
measured by3C NMR. A single NMR peak is seen on the clean
platinum surface at 369 ppm (Figure 7A). As the coverage of
ruthenium is increased a second peak begins to emerge near
150 ppm!2 Observation of two peaks for the NMR spectra is
consistent with the two peaks found for the CO stripping CV
of Ru covered Pt electrode surfaces. Therefore, we can ascribe

amu TPD spectra taken by exposing Pt(110) to various amounts of the two-peak structure observed for CV and NMR to the same

CO at 100 K and then heating at 15 K/s.

origin viz., formation of two different forms of adsorbed CO.
Thus, for the deconvolution of thEC NMR spectra, we kept

bound to platinum are affected by ruthenium. However, the the ratio of the areas of the two peaks obtained from the CV,
effect is smaller than that found in the hydrogen TPD spectra as a constraint. Relaxation measurements were carried out at
in Figure 2. Evidently, ruthenium is not changing the binding these two peak positions to estimate the Fermi level local density
of CO to remote Pt to a great extent, even though there is aof states (ELDOS). The 150 ppm peak continues to grow with

substantial effect on the binding of hydrogen.
For the weakly bound form of CO, TPD shows that a peak

subsequent increase in the amount of deposited Ru, whereas
the high field peak shift decreases from 370 to 350 ppm. Using

. the two-band models developed earlier and the correlations
appears at 400 K for the ruthenium covered electrode surfacesy o een

13C chemical shift and the clean metal surface

The peak in the NMR spectrum corresponding to this CO has E-LDOS2 it was possible to obtain ther2 E-LDOS at the

a smaller Knight shift, proving that this CO has a weaker

orbital of chemisorbed CO as well as that the totaLBOS at

interaction with the metal surface than those on the clean surfacethe clean metal surface. Variation of thé&e.DOS values with
From the CO stripping CV, it is clear that the CO adsorbed on Ru coverage are shown in Figure 7B. For the weakly bound
the Ru phase is easier to oxidize than the CO on Pt phase ofform of CO, there is about 70% reduction in the metal surface
the Pt/Ru electrode. However, the former peak is not important E;-LDOS and about 30% reduction in tha®2E-LDOS (open
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ruthenium content. A maximum enhancement in oxidation
i : : current by a factor of about 20 over that on pure platinum is
200 300 400 500 600 found for the catalyst with 0.35 monolayers of Ru (Figure 8).

Temperature (K) The catalytic activity appears to level off at ca. 0.5 monolayers
of ruthenium and a decrease in activity is observed for higher
ruthenium coverage.

C TPD of 180. At this point, we have shown that there is about
a 0.2 V decrease in the electro-catalytic potential to oxidize the
strongly bound CO from the platinum surface, but TPD and
NMR results show that the binding of strongly bound CO on
platinum is only moderately affected by ruthenium. Therefore,
we need to consider how ruthenium is making it easier to oxidize
the CO when it is not strongly affecting its binding. One
possibility is that ruthenium is activating water or hydroxyl on
the surface which can increase the CO oxidation rate which is
1000 500 0 -500 commonly referred to as the bifunctional mechanism. Figure 9
& (ppm vs. TMS) shows TPD results involving hydroxyls on Pt(110) and Pt(110)/
. . . Ru surfaces from ref 1280, is adsorbed on the surface before
Figure 5. (A) CO stripping voltammogram on Ru modified Pt black .
nanoparticles (0.35 monolayers of Ru), at a slow scan rate of 10 mV/ normal H160 is added. Mass 20 amu spectrum shows two
min in 0.5 M H,;SQy, after 12 h of methanol oxidation to form CO at ~ Peaks at 160 and 205 K. The peak at lower temperature results

0.19 V vs RHE. (B) A series of 28 amu TPD spectra taken by exposing from the'80 exchange process through OH as the interméediate
Pt(110)/Ru (0.25 monolayers of Ru) to various amounts of CO at 100
K and then heating at 15K/s. (C) Spiecho mapped*C EC NMR

I
Mass Spectrometer Signal (arb. units)

NMR Amplitude

spectra of chemisorbetC labeled CO on Ru modified Pt black 8o + H,0— ®OH +OH 4)

nanoparticles (0.35 monolayers of Ru) in 0.5 M3, formed from

12 h methanol oxidation at 0.19 V vs RHE. o4+ OH— H,180+0 (5)

symbols in Figure 7B). However, for Pt atoms away from Ru,

the changes ik-LDOS are comparatively less. This reaction is water desorption rate limi®d he second peak
involves hydroxyl formation and recombination. Oxygen react-

Results: Kinetic Measurements ing with hydrogen in the background yields hydroxyls, which

Current —Time Transients. Next, we wish to examine the  then recombine to produce watéiThis peak shows up by itself
effect of ruthenium on the kinetics of methanol oxidation on When water is not present. On Pt(110)/Ru surface, similar
platinum anodes. Figure 8 compares the methanol electrooxi-€xperiments are done with twice the amount of water dosage
dation activity on platinum black nanoparticles modified with Which gives approximately the same amount of adsorbed water
various amounts of Ru. On pure platinum nanoparticles, the as in the case of clean platinum surface. Only one peak at 160
methanol electrooxidation current at 0.3 V vs RHE decays K appears whose area is even larger than the sum of the two
immediately, due to CO passivation. In contrast, significant peaks on Pt(110). This indicates that the peak at 205 K on
currents are observed on the ruthenium modified surfaces. ThePt(110) is now shifted below 160 K and the process&d
steady-state methanol oxidation current density also varies withexchanging into water is enhanced. These results prove that
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Figure 8. Current-time transients at 0.3 V vs RHE on both pure Pt
black and Ru modified Pt black electrodes in 0.5 M methanol solution.
T The Ru coverage was varied; 0.00, 0.14, 0.35, and 0.52 monolayers of

[
1000 500 0 -500 Ru.

8, ppmvs. TMS electrode surface. However, clear similarities between voltam-
metry and TPD were found in this work, showing that the
desorption is controlled through steps preceding both the
16 B recombination or hydrogen atom ionization. The hydrogen

/ desorption peak as proton, seen at 0.15 V in CV, and the
desorption peak as azHinolecule, observed at 300 K in TPD

(Figure 1) are absent on the ruthenium modified surface.
Ruthenium deposition on Pt(110) is reducing the hydrogen
o coverage and binding energy of hydrogen both in an electro-
chemical cell and UHV. This contributes to simplification of
L the fine structure of the CV curves and TPD spectra (Figure 2,

cf. with Figure 1). There is, therefore, a clear correspondence
between the data obtained in these two dissimilar environments.
CO 2r* On this basis, we may interpret the data from UHV and
electrochemical cell jointly.

\ The results in this investigation provide a consistent picture
6 about the effects of ruthenium on hydrogen and CO adsorption
and oxidation on platinum. First, the data show a strong
modification in the electronic structure of platinum when
ruthenium is added. Hydrogen TPD reveals that the strongly
bound state of K at 300 K disappears. CV shows that one
02 04 06 hydrogen desorption peak at higher potential (0.16 V) disap-
pears. NMR data reveal that tlg-LDOS of all the adsorbed
Ru Coverage CO decreases with increasing ruthenium coverage. hipebk
Figure 7. (A) Spin—echo mappe#C EC NMR spectra of chemisorbed ~ seen at 0.15 V in CV, and 300 K in TPD (Figure 1) are absent
13C labeled CO on Ru modified Pt black nanoparticles in 0.5 M H  on the ruthenium modified surface. If some of the platinum
SQs. Ru coverages correspond to 0.00, 0.14, 0.35, and 0.52 monolayers 31oms were unaffected by ruthenium, one would expect to see

(B) The metal surface £ DOS was calculated from th&C NMR . oo :
chemical shift for the strongly bound CO (open symbols) and the weakly these peaks on the ruthenium modified surface too, but Figure

124 Metal surface

D(Ey), 1/atom*Ry
N
\
\\
\

B

o -

bound CO (closed symbols). For chemisordé@do, 27" Er-LDOS 2 shows no evidence for that. Therefore, addition of ruthenium
variation is shown for strongly bound (solid symbols) and weakly bound Modifies the electronic structure of the entire platinum surface.
(open symbols) forms as a function of the Ru coverage. Surprisingly, the changes in the electronic structure of

) _ _ N platinum have only a mild effect on the binding energy of CO.
water is much more active on a ruthenium modified Pt(110) TpD shows that the desorption temperatures of CO on Pt(110)/
surface than on clean platinum. Ru are about 400 and 480 K, compared to 415 and 515 K on a
clean Pt(110) surface. This corresponds to a change of about 2
kcal/mol in the binding energy of CO. The NMR peak of

Conceptually, electrochemical and thermal activation causing strongly bound CO shifts by only £#20 ppm. By comparison,
electrooxidation of chemisorbed species may be basically hydrogen TPD shows a 100 K change in desorption temperature.
different. The difference may arise because two hydrogen atomsThese observations suggest that the binding of strongly bound
need to recombine to azhnolecule before desorbing to UHV,  CO is only marginally affected by ruthenium, even though the
whereas atomic hydrogen is ionized to proton to leave the hydrogen TPD and CV data prove that the whole surface is

Discussion: Adsorption



Platinum/Ruthenium Fuel Cell Catalysts J. Phys. Chem. B, Vol. 106, No. 37, 2002587

E/V vs. SHE

18 AMU . A 0o o Ny o ,
25LH0+05L°0,) —————— ]

x100
2

0 AMU .
25LHO0+05L°0,)

x100
18
20 AMU (0.5L"0,)

T T T T
100 200 300 400 500 600
Temperature (K)

Mass Spectrometer Signal (arb. Units)

16" rimoleclules cm™

18 AMU B
(5L H,0 + 0.5 0,)

10° s

Figure 10. (A) Comparison of CO desorption kinetics at Pt Black

and Ru decorated Pt nanoparticle catalysts using radioactive labeling
and the slow-scan, positive-going electrode polarization. Catalyst
loading is 0.4 mg cm?. (B) Comparison of CO desorption kinetics

(also to the clean electrolyte) at Pt Black and Pt/Ru decorated
nanoparticle catalyst using radioactive labeling and potential step
experiment, from 0.1 to 0.43 V. (The arrow indicates the potential step.)

x100

Mass Spectrometer Signal (arb. units)

20 AMU 18
J (5L H0 +0.5L70,) Under some conditions, the CO might also desorb from the
platinum surface, especially at low potentials and high temper-
T T T T 26
100 200 300 400 500 600 ature:

Figure 10A compares radioactive labeling data 6O
_ ' oxidation on platinum black and the platinum/ruthenium elec-
Figure 9-5 (A) 18 and 20 amu TPD spectra taken by 65\d50fb'n9 about trode obtained under slow-scan polarization conditions. CO was
Citof H180 onto PHCLL0) before lashing ina background contaning [CTMed on the catalyst surface from 0.01 M methariéC(

5 :
1 x 107°Torr of hydrogen with a rate of 15 K/s. (B) Repeat the same labeled) in 0.1 M HSO‘.‘ at0.1 v vs SHE. Once a ConstantACO
experiment as in A on Pt(110)/Ru coverage, corresponding to surface concentration ok718"
molecules cm? was obtained, methanol was washed off from

being affected by ruthenium. The TPD experiments in Figure the solution, the surface concentration was re-checked, and the
6 confirm that the initial CO adsorption is unaffected by the POSitive-going scan of 0.1 mV/s was applied. The data show
presence of Ru, suggesting a similarity in sticking probability that within most of the hydrogen region, there is no CO
on both Pt and Pt/Ru surfaces at the beginning of the process_OX|dat|on from the surface, and neither is there any significant
As the surface population of CO grows, the adsorption rate ch@nge in the coverage between pure Pt and Ru decorated Pt.
decreases The CO oxidation does not begin until 0.3 VV on platinum black,

as seen by the drop in count rates (Figure 10A). However, on
platinum/ruthenium the CO oxidation is initiated at 0.1 V more
negative potential showing that there is about a 0.1 V reduction
in the energy to oxidize CO from the Pt/Ru surface. Thes

E branch is negatively shifted with the deposited Ru coverage
up to the maximum value of 0.2 V, confirming data in the
previous study! Similar separations were observed on the
Pt(111) electrode decorated by ruthenium regardless of whether
the CO adlayer was created from methanol or a gaseous CO
precursor.

_ " Further support for the strong effect of surface ruthenium on
M-CO+ M-OH—CQO,+2M +e +H (6) the CO oxidation process is provided by the data in Figure 10B.

Temperature (K)

Discussion: Kinetics Measurements

Next, we wish to focus on the role of ruthenium in promoting
CO oxidation from the platinum surface. Recall that previous
investigators 791225 have found that platinumruthenium
catalysts are much more CO tolerant than pure platinum
catalysts. It is thought that the main mode of CO oxidation is
a simple process:
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The beginning of the experiment was the same as reportedseem to be larger than the ligand effects. According to our data,
above, and the constant surface concentration of CO wasof the 4-6 kcal/mol (176-260 meV) reduction in the potential
measured at 0.1V vs SHE in the clean supporting acid for CO oxidation, only about 1 kcal/mol (40 meV) is associated
electrolyte. Next, instead of applying the slow-scan polarization, with the ligand effect, whereas-% kcal/mol (130 to 200 meV)

the potential was stepped to 0.43 V. It is shown in Figure 10B are associated with the bifunctional mechanism. Thus, the effect
that the oxidative CO desorption is much faster on Pt/Ru than of the bifunctional mechanism is about 4 times larger than the
on Pt, and that the process is incomplete on pure platinum. ligand effect.

Clearly, there exists a significant difference in the stability of

CO on these two surfaces. Thus, the data in Figure 10 also showconclusions

that. platinum/ruthenium is much more CO tolerant than pure  This investigation explored the effect of ruthenium on the
platinum. CO tolerance of platinum fuel cell anodes. We find that
Finally, we can use the TPD data to quantify the contributions ruthenium has a major effect on the electronic structure of
of the ligand effect and the bifunctional mechanism on the platinum. TheE-LDOS of 13CO at Pt sites near Ru decreases
enhancement of reaction 6. TPD results yield only about 2 kcal/ substantially while the binding energy of ldhows a significant
mol reduction in the binding energy of strongly bound CO and drop. CO oxidation occurs at a potential 200 mV lower on
13C NMR shows a maximum of 20 ppm peak shift for strongly platinum/ruthenium than on platinum. Surprisingly, ruthenium
bound CO. According to the Polanyi relationsHig 2 kcal only has a small effect on the binding of CO to platinum atoms
change in the binding energy of the CO on the rate should only that are away from Ru. The initial sticking probabilities are
produce about a 40 mV reduction in the activation barrier for identical for platinum and platinum/ruthenium surfaces. TPD
reaction 67 That is insufficient to explain the 200 mV reduction indicates that the binding energy of the strongly bound form of
in potential observed in Figure 10. Therefore, the ligand effect CO is changed by only 2 kcal/mol and the NMR peaks shift by
alone is insufficient to explain the reduction in the potential only 10-20 ppm?3
for CO oxidation. However, although the ligand effect is overall ~ Analysis of our TPD data indicates that, of the 200mV
small, there is clear evidence from X2nd NMR3 data that reduction, about 40 meV is associated with the ligand effect
there is a sharing of electrons between platinum and ruthenium.and 130 to 200 meV to the bifunctional mechanism. Thus, the
This sharing of electrons reduces the* E:-LDOS on the G-O bifunctional mechanism is approximately 4 times larger than
bond in the CO chemisorbed state on Pt/Ru electrodes. the ligand effect for the enhancement of CO oxidation from

As explained earlier, the data in Figure 9 show that an the platinum catalyst.

additional role of ruthenium is to activate water. One can make
a quantitative estimate of this effect by comparing the activation
barrier for OH recombination on a clean surface to that on a
ruthenium covered one. Assuming a preexponential factor of
10%/sec, we have calculated an activation barrier of 12 kcal/
mol for OH recombination on the clean surface. It is harder to
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