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We　have　found　an　excellent　CO　tolerance　at　Pt　anodes　alloyed　with　the　second　metals　in　spite　ofthe　fomlation　of　Pt

skin　layer（6α．1－2nm　in　thic㎞ess）overthe　alloy　surfaces　due　to　the　dissoluhon　ofthe　second　metals　and　proposed

a　new　mechanism　for　the　catalysis、In　this　stu（ly，ATR－SEIRAS，coupled　with　CV　measurement，was　use（i　to　observe

the　oxidation　process　of　adsorbe（i　CO　on　the　typical　Pt－Fe　alloy、The　alloy　ano（1e　exhibits　a　lower　saturated　coverage

with　CO　than　that　of　pure　Pt．Linear　CO　is（》bserved　predominantly　on　the　alloy　electro（le，differing　from　both　of　lin－

ear　and　bridged　CO　besides　COOH　on　the　I）ure　Pt．The　negative－shift　of　the　wavenumber　for　the　linear　CO　stretch－

ing　and　the　broadening　of　the　half・wave　width　at　the　alloy　also　indicate　the　weakening　of　meta1－CO　bonding｛md　the

increased　mobility　of　the　adsorbe（l　CO，respectively．As　a　presumable　ef6ect　of　the　electronic　structure　change　at　the

Pt　skin，the　dissociation／oxidation　of　adsorbe（l　water　as　well　as　a　fomlation　of　adsorbed　HOOH　species　are　clearly

observed　beyon（10．6V　in　the　electrolyte　solution　without　CO．The　mechanism　of　CO　tolerance　at　the　Pt　skin　on　top

of　the　alloy　surface　with　an　increased　d－ban（1vacancy，proposed　previously　by　us，is　supported　by　the　present　SEIRAS

data　as　the“detoxmcation　mechanism”，featured　by　an　increased　mobiHty　of　the　adsorbed　CO　with　suppressed　cover－

age．
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　　　　　　　　　　　　　　　l　lntroduction

　　Polymer　elec仕olyte血el　cell（PEFC）is　all　a血active

power　source　for　electric　vehicles（EV），because　of　its

high　e伍ciency　and　cleanness　as　well　as　light　weight　by

the　high　power　density　even　at　a　low　operating　tempera－

ture．1－3）PEFCs，however，usually　require　platinum　or

its　alloy　as　ano（1e　catalysts　which　have　a　high　electrocata－

lytic　ac極vity　for　H20xidation　at　such　a　temperature．For

the　EV　use，it　is　desirable　to　operate　the　PEFC　with　re－

formed　fuels　fヒom　methanol　or　natural　gas，but　the　per－

formance　of　the　conventional　PEFC　with　pure　Pt　ano（le

ca訟lyst　operaUng　on　refomates　is　seriously　depressed

by　CO　poisoning　of　Pt　sites．3）Watanabe　and　Motoo

foun（1previously　an　enhImcement　of　CO　tolerEmce　at　Pt

electrode　with　a（1－atoms　such　as　Ru，Sn　or　As　for　H20xi－

dation。5 7）Recently，we　foun（i　new　CO－tolerant　catalysts

by　alloying　Pt　with　the　second　non－precious　metals　for

PEFCsξmd　proposed　a　new　mechanism　for　the　CO　toler－

ance，based　on　the　elecU。onic　s㎞cUlre　change　of廿1e

catalyst　surface　by　the　alloying。8－10）This　paper　reviews

the　resultsξmd　discusses　the　mechanism撫rther　with

new　experimental　data　of　su㎡ace－enhanced　IR　renection

absorP廿on　specn’oscopy　v吋th　aUlenuated　to田l　re且ection

technique（ATR－SEIRAS）．

　　　　　　　　　　　　　　2　Experime皿tal

　Water　and　O．l　M（Mニmol　dm－3）HClO4used　were
puri且ed　with　the　conventional　methods．7）Thin　mm　Pt　a1－

loy　elec仕odes　were　fomed　at　room　temperature　byAr－

sputtering　Pt　and　the　second　metal　targets　simultIme一

ously　onto　pyrex　glass　substrate　for　the　measurement　of

electrocatalydcpropedy8 13）andontoanatplaneofsili－
con　hemi－cylin（1er　for　the　ATR－SEIRAS　measurement．14・15）

Theresultingalloycompositionwasdeteminedbygra樋一
metry　Em（l　nuorescent　X．ray　analysis．A　crystallographic

stmcture　of　the　alloy　was　examined　with　a　grazing　angle

X－rayd血ac廿on．XRDs　ofthe　alloys　indicated　the　foma－

tion　of　a　sol量d　solution　phase　with　a　face－centered　cubic

（fcc）crystalstructure．

　　A　usual　set　of　rotating　disk　electro（1e　equipment　with　a

gas－tight　Pyrex　cell　was　used　for　the　experiment　of　CO

adsorption　an（l　H20xidadon　on　the　prepare（l　elect1・odes．

Before　the　measurement　of　activities蚕or　the　electroo》d（1a一

廿on　of　H2，a　pretrea血ent　of　the　alloy「electrode　was　car－

hed　out　by10Umes　potential　sweeps（10V　s『1）丘om

O。05to1．2Vintheelectrolytesolution（0．1MHCIO4）．
During　the　pretreatment，the　second　non－precious　metals

were　all　dissolve（10ut　from　the　su㎡ace，resul廿ng　in　the

fomlation　of　a　Pt　skin　layer，as　mentioned　later。Then，

the　electrolyte　was　saturate（1with　each　reactant　gas　of　H2

0r　lOO　ppm　CO／H2m嬢ture．Then，hydrodynamic　voltam－

mograms　for　the　H20xi（1ation　were　collecte（l　at　room

temperature　as　the　potential　was　scanne（1from　O　to　O．2V

with　the　sweep　rate　of10mV　s－1at　d迅erent　rotadng
rates　for　the　disk　electro（1e．8do）Kine廿c　current　values　of

H20xi（1ation　for　clean　an（l　CO　adsorbed　Pt　alloy　elec一

αodes　were　evaluate〔1丘om　Levich－Koutecky　plots．16）Af・

ter　the　RDE　experiments，volt㎜mograms（CV）were
血ken　to〔1eternline　the　CO　coverage　by　dle　first　potential

sweep（10V　s－1）from　O．05to1．2V　on　the　electrode　cov一
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ered　with　CO，resul廿ng　in廿1e　oxidative　s樋PPing　of　CO

（luring　the　sweep，an（l　then　by　the　second　sweep　on　the

clean　electro〔le．Accor（1ing　to　previous　works，5・17）CO

coverage　of　alloy　electro（1es　is　detennined　by　using　the

cha臣ge　required　to　oxi（lize　hy（lrogen　adsorbed　on　a　clean

elec杜o（le　and　that　with　adsorbed　CO．

　XPS　investigation　was　ca面ed　out　on　the　sample　be－

fore　and　after　the　electrochemical　experiments．lo－13）

The　thic㎞ess　of　the　alloy丘1m　for　the　ArR－SEIRAS

measurement　was　about7nm．14・15）Before　the　collecUon

of　spectroelectrochemical（1ata，fast　potential　sweeps（500

mV／s）between　O．05and　l　V　were　applied　to　the　elec一

往ode　for　the　sur魚ce　cleaning　and　for　the　evaluadon　of

the　active　electrochemical　surface　area　of　the　electrode．

The　surface　area　was　typically　about3times　larger　th｛m

the　geometrical　area。Infrared　spectra　were　taken　with　a

Bio－Rad　F玲6000spectrometer．The　spectral　resolution

was　in8cm－1．The　electrolyte　solution　used　was　the　O。1

MHClO4solutionsaturatedwithhighpuritynitrogen。H2
gas　con面ning　CO　of97．9ppm　was　used　to　purge　into

the　electrolyte　solution　at　O．05V　for90min　in　or（ler　to

obtain　an　equilibrium　adsorption　of　CO．Then，CO　in　the

bu皿｛solution　was　remove（1by　purging　with　N2while
keeping　dle　poten廿al　conslmt　for　l　hr．

　　　　　　　　　3　Results　a皿d　Discussio皿

3．l　Development　of　CO　tolerant　Pt　alloy　catalysts

an－proposal　of　the　mechanism
We　have　found　that　Pt－Fe　alloys　are　excellent　CO－

toIerant　anode　catalysts　as　well　as　Pt－Ru，Pt－Co，Pt－Ni　or

Pt－Mo。Figure　l　shows　an　example　of　steady　currenレ

potendal　curves　for　H20xi（laUon　with　an（1without　CO

con㎞nant　on　P鯨5Fe15and　pure　Pt．It　is　clear　that　the

alloy　shows　a㎞ost　the　same　catalyUc　ac廿vity　regardless

of　the　presence　of　CO　although　pure　Pt　loses　completely

the　activity　under　the　presence　of　CO．As　shown　in　Figs。

1　and　2　0f　ref．10，dle　kine廿cally　contTolled　cunrent　at

pure　Pt，or　the　ac廿vity，declined　to　zero　by仕【e　occupa－

tion　of　all　Pt　sites　with　CO．But，the　CO　tolerant　alloys

mentione（1above　showe（l　no　degradation　in　the　activity

an（1kept　the　CO－free　sites　more　than50％under　the
stea（1y　st且te　in　spite　of　the　presence　of　pure　Pt　skin　layer
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Fig．l　Stea〔ly　polariza盛on　properties　for　H20xidadon　at20

mV　vs．RHE　on　pure　Ptξmd　Pt－Fe　alloy　electrodes　at　l500

rpminO．1MHCIO4saturatedwithH20rlOOppmCO／H2
balance　at　ambient　temperature．
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Fig．2　Schematic　explanation　of　CO　tolerance　on　Pt　alloys

such　as　Pt－Fe　with　Pt　skin　having　a　modified　electronic　state

（1e丘）and　on　pure　Pt（right）．

over　the　alloy　surface．The　fonnaUon　of　this　skin　layer

was　infe1Te〔1by　the　disappearance　of　the　XPS　signals

correspon〔1ing　to　each　non－precious　metal　in　the　Pt　alloy

after　the　potential　cycling　prior　to　the　electrochemical

measurements．The　thic㎞ess　of　the　skin　was　es廿mated

to　be6α．1－2nm　corresponding　to　a　few　Pt　monolayers，

based　on　the　reduction　of　the2p3／2peak　for　Fe　atom　dur－

ing　the　peneαadon　via　the　Pt　skin　layer．10〉In　spite　of　UIe

（lisappearance　of　Fe　atoms　at　the　alloy　surface，the　bind－

ing　energies　of4（10r4f　of　the　Pt　skin　shi丘to　posi廿ve　di－

rection丘om　those　of　pure　bulk　Pt　as　shown　in　Fig．30f

reference　lO，θ．8・．，by　about　O．65an〔10。75eV　for4（13／2

Imd4d5／2at　the　present　alloy　composition，respectively。

These　positive　chemical　shifts　corresponding　to　the　less

electronic　populaUon　in　the4d－or4f　orbi田l　strongly　in一

（1icate　the　increased5（1－vacancy　or　the　lower　Fenmi　level

of　the　Pt　skin．Since　the　back一（lonaUon　of5〔1electrons

has　been　reported　to　play　a（10minant　role　for　the　CO

chemisorption　on　bulk　Pt，18・19）we　have　proposed　a

mechanism　for　the　CO－tolerance　as　shown　in　the　top　of

Fig．2，’．6，，the　lowered　electron　density　of5d　orbital　of

Pt　skin　decreases　an　electron　back－donation丘om　the　Pt

5〔l　orbi田l　to　2π＊　orbi田l　of　CO，and　consequently　sup－

presses　CO－Pt　bonding，resulting　in　the　lowered　CO　cov－

erage　an（l　the　increase（1CO　tolerance．8－10）

3．2　Compa㎡son　of　electrocatalytic　behaviors　of
p皿e　Pt　with　Pt－Fe

　　Vibrational　spectroscopic　techniques　can　provide　i㎡or－

mation　ab（》ut　the　mechanism　of　the　electrochemical　o》d－

dation　of　CO　ad－1ayer　on　electrodes．However，most　of

the　sUIdies　on　the　elecn’ooxida廿on　of　the　CO　ad－layer　us－

ing　IR　spectroscopy　involvedξm　extemal　re且ection　seレup，

in　which　the　light　beam　has　to　pass　through　at　least103

1ayers　of　electrolytes　before　sUiking　the　stu（lying　sur－

face．20－27〉Very　recently，Osawa　an（1coworkers　reported

a　series　of　IR　spec住a　ob面ned　on　an　evaporate（i　gold

elec仕ode　surface　in　aqueous　elecU’olyte　soluUon，u田izing
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ATR－SEIRAS．28 31）Using　this　technique，we　have　suc－

cess血lly　observe〔1　dle　elect1’ooxidation　of　the　CO　ad－

layer　involving　adsorbe（1water　at　a　pure　Pt　electro（1el4）

and　Pt－Fe　alloy．15）In　this　paper，we　report　the　potential一

（lependent　adsoπ）偵on　an（l　oxi（1ation　of　CO　at　the　Pt－Fe

alloy　electroUe　on　a　silicon　prism　surface。We　will　also

report　the（iissociation　behavior　of　the　adsorbed　water

molecule。

3．2。l　Cyclic　voltammometry　on　Pt・Fe　with／with・

out　CO　ad－layer　　　Figure3A　shows　a　cyclic　voltam－

mogram（CV）on　the　Pt　skin　of　the　Pt－Fe　alloy　electro（1e

（roughness　factor＝3．5）　in　the　solu廿on　saturate〔1　with

an（1without　CO．The　CO　coverage　on　the　Pt　skin　was　oα。

0．55，which　is　much　lower　than　that　of1．O　saturated　on　a

pure　Pt　electrode．14）Figure3B　shows　the　similar　CV　on

the　pure　Pt　electrode（roughness　factor＝3．2），where　the

total　coverage　with　CO　and　the（1edvatives　was　con－

trolled　to　the　same　level　as　the　Pt－Fe　alloy　by　exposing

the　electro（le　for　a　shorter　time　to　the　CO（1issolved　solu－

tion。Although　the　currents　in　y－axes　in　Figs。3A　an（13B

were　not　shown　by　the　current（lensities，the　d近erence

in　the　real　surface　areas　of　bo血　elec廿odes　is　only　cα．

10％．

　　It　is　clear　that　the　bla皿k　ano（1ic　current　on　the　Pt　skin

of　the　alloy　electrode（solid　line）commences　to　increase

at　about　O．6V，which　is　oα．0．2V　less　positive　than　that

of　the　pure　Pt，and　shows　a　larger　current　at　more　posi．

tive　potentials　in　comparison　with　the　blank　CV　on　the

pure　Pt　（soli（11ine）．This　result　infers　that　the　Pt　skin

su㎡ace　on　the　alIoy　has　a　larger　a伍nity　or　an　oxidadve

property　to　water　molecules　than　the　bulk　pure　Pt．On

UIe　alloy　elech’ode　with　the　saUlrated　CO　a（1－1ayer，the

ξmodic　current　for　the　CO　o》ddadon　commences　to　in－

crease　at　about　O．6V，correspon（1ing　to　the　onset　of　the

water　molecule　oxi〔1ation　or　the　adsorpUon（）f　OH　spe－

cies，and　shows　only　one　anodic　peak　at　O．73V　without

any　shoul（1er　peak（see　Fig．3A）．On出e　other　hand，as
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Fig。3Cyclic　voltammograms（20mV／s）on　a　sputtere（l　Pt27

Fe73alloy　film　electrode（A），and　on　a　pure　Pt　electrode（B）

wi廿1（dashe（i　line）an〔1without（sol至（l　Iine）CO　a〔1－layer　of　the

totalcoverageofεα．0．5inO．IMHClO4．
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shown　in　Fig．3B，the　oxi（1ation　of　the　adsorbe（l　CO　on

the　pure　Pt　commences　at　the　potendal　less　positive　than

O．55V　and　shows　a　peak　at　cα．0．7V　via　a　small　pre－

shoul（1er．The　shoul（1er　cunfent　an（1the　less　positive　on－

set　poten廿al　can　be　ascribe（1　to　oxida廿on　of　caTboxyl

radicalsfomed　on　the　pure　Ptsu丘ace．14）Despite　almost

the　same　toねl　CO　ad－layer　coverage　on　the　Pt　skin　an（l

the　pure　Pt，the　elec出c　charge（per　real　Pt　surface　area）

for　the　CO　ad－layer　oxidadon　on　the　former　is　larger

than　that　of　the　latter，which　in（1icates　that　the　former

ad－1ayer　involves　CO　species　with　a　larger　value　of　elec－

trons　per　Pt　sites，associated　with　the　oxi〔la樋on　reac廿on，

not　like　as　carboxyl　radical　or　mulU－hold　CO　but　linear

CO．

3．2．2　1πs甜配　IR　spectra　of　the　interfacial　water

at　the　Pt－Fe　electro通e　　　Figure4shows　a　series　of

IR　reflectance　spectra　for（A）the　Pt－Fe　alloy　electrode

and（B）thepurePtelectrodeinO．1MHClO4solution，
which　is　simult｛meously　recorded　with　the　linear　poten－

tial　sweep　from　O．05to　l．00V　at　a　rate　of20mV／s（cor－

responding　to　the　soli（11ine　in　Fig。3）．Each　spectmm

was　obtaine（l　by　integrating14interferograms　to　improve

the　signal－to－noise　radio　of　the　spectnlm．The　acquisi廿on

time　was　about2．5s　per　spectmm．Therefore，the　poten－

tials　shown　in　the且gure　are　the　averages　of　every50mV

interval．The且rst　single－beam　spectmm　at　O．075V　is

chosen　as　the　reference　spectmm．The　nega廿ve－going
band　near3350cm←1is　observe〔10n　the　Pt　skin　of　the　al－

loy　at　potentials　less　positive　than　O．6V，which　is　as－

signed　to　the　OH　stretching　of　the　a（1sorbe〔l　water．28－31）

The　band　shifts　with　increasing　potential　from　a　higher

to　a　lower　wavenumber，corresponding　to　a　weakening　of

the　OH　bon〔1．Negative　sign　of　the　band　may　in〔licate　the

re〔luction　of　the　adsorbed　water（1ue　to　its　consumption

to　form　some　O－species．

　　Beyond　about　O．6V，however，some　new　positive－going

bands　around3450，3250，2960，1720and1640cm－1can
be　observed　on　the　Pt　skin　of　the　alloy．They　may　not　be

assigned　to　the　a（1sorbed　water，since　the　bands　around

3250～2960and1720～1640cm－1are　not　only　too　sharp

compared　with　the　convention田ones　for　the　adsorbed

water，but　also　split　into　two　sharp　bands，an（1moreover

they　are　in（1ependent　of　the　electro（1e　potenUal　unlike

the　conventional　H20．The　fact　of　the　simultEmeous　in－

crease　of　these　band　intensities　presumably　indicates

that　the　bands　correspond　to　a　single　species，which　may

be　assigne（1to　a　pero》dde　species．32－34）The　assignment

to　the　OH　or　H202could　be　con五med　by　the　fact　that

the　absorption　ban（is，attribute（1to　HOOH，were　clearly

seen　in　the　same　mid－IR　region　when　H202was　adde（1

into　the　blank　electrolyte（see　Fig．30f　ref．15）．However，

only　the　small　sharp　band　aroun（12960cm－1cannot　fUlly

exclu（le　the　assignment　to　the　CH　impurity　located　be一

“veen　the　Si　and　Pt　su㎡aces，even　though　the　increase

in　the　b2md　intens童ty　with　the　potential　results　from　its

oxidation．　On　　the　pure　Pt　elecUro（1e，　Ule　potential－

dependent　bIm（1s　near3400and1620cm－1appear，which
can　be　assigned　to　the　OH　stretching　and　HOH　bending

vibrations　of　the　adsorbe（1water．However，ban（1s　of3450，

3250，1720and　l640cm－1were　not　discemible　on　the
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Fig．4加s伽IRspectratakeninO。1MHClO40nthePt27
Fe73（A）and　on　the　Pt（B）during　a　slow　anodic　potential

scan（20mV／s）．The　reference　spectmm　was　the　first　single－

beam　spectrum　at　Eref（IR）＝0．075V　during　the　potential　sweep．

①vOH　in　H20，②vOH　in　H202，③δOH　in　H202／H20，

④δOH　in　H20．

pure　Pt　electro〔1e．The　different　a（1sorption　property　im－

plies　UIat　dlere　is　a　dis廿ncdve　〔1迂6erence　in　the　elec－

tronic　strucUlres　be伽een　the　pure　Pt　and　the　Pt　skin　on

the　top　of　the　alloy．Obviously，廿1e　Pt　skin　of　the　Pt－Fe

alloy　favors　廿1e　（lissocia廿on／oxida廿on　of　the　adsorbe〔l

water　beyond　O．6V．Correspondingly，the　ano（1ic　current

commenced　to　increase　at　the　same　potential　as　seen　in

Fig．3．The　Pt　skin　with　less　d－electron　density　may　be

highly　active　for　the　oxidation　of　the　a（lsorbed　water，de－

scribed　by　dle　following　sequence　of　reacUons：

Pt－OH2→Pt－OH十H＋十e

　　2Pt－OH－Pt－02H2－Pt

（1）

（2）

　A　meta1－molecule　interaction　may　generally　lead　to｛m

intramolecular　bond　weakening　or　dissociation，11－13）in

particular　for　the　oヌygen　element　in　water　molecule，by

the　lateral　interaction　of　theπ一〇rbital　of　O　with　empty　d、2

0rbital　of　the　surface　Pt　atom　or　with　empty　d矧～md　d翅

orbital　of　dual　Pt　atoms，respectively．The　less5d　elec一

仕on（1ensi敏of　the　su㎡ace　Pt　leads　to　an　increased2π一

〔10nation　to　the　su㎡ace，which　strengthens　its　ability

■γ
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with（1rawing　electrons　from　the　O　in　the　adsorbed　water

molecule　and　in　tum　from　the　H　in　the　adsorbed　water．

With　sweeping　PotenUal　towards　positive，this　e丘ect　in－

creases．ConsequenUy，the　（1issociation／oxi（1a樋on　of　the

adsorbe（1water　molecule　becomes　easier　at　the　alloy

electro（1e　than　at　the　pure　Pt　electrode．Thus，伽　sπ麗

SEIRAS　confinns　the　pe血rbation　of　the　electronic　s血c－

ture　in　the　Pt　skin　by　the　bulk　alloy　in　electrochemical

en“ronment．

3．2．31ηs伽IRspectrafortheoxi－ationofCO
ad－layer　on　Pt－Fe　　　　Infrare〔1renection　spectra　for

the　CO　a（i－layer　on廿1e　Pt－Fe　alloy　are　shown　in　Fig．5

（top），which　are　simultaneously　recorded　with　the　linear

potential　sweep　ffom　O．05to　l　V．The　first　single－beam

spectrum　at　O，075V（CO2－free　su㎡ace）or　the　last　single－

beam　spectmm　at　O．975V（CO一丘ee　surface）（1uring　po－

tential　sweep　from　O．05to　l　V　were　chosen　as　the　refer－

ence　spectrum　for　observing　CO20r　CO，respectively．

The　absorption　bands　aroun（12000cm皿1and2360cm－l
could　be　assigned　to　the　stretch　mode　of　linearly（atop）

bound　CO　an（1CO2，respecUvely．14・20－22・35・36）The　altera一

廿on　of　these　absorpdon　bands　with　the　increase　of　elec－

tro（le　potential　indicates　the　CO　oxida行on　an（1the　CO2

pro（1uction．It　is　obvious　that　Iinear　CO（COI）is（iomト

nantly　observe（1around2000cm－1，which　is〔1istinctive

from　that　linear　CO　（also　around　2000cm 1）｛m（l

bridged　CO（aromd1850cm一1）besides　COOH　co－e》dst
at　the　pure　Pt　electro（le　even　at　the　same　coverage　of

CO．14）The　electronic　structure　of　the　metal　determines

which　adsorption　sites，歪．θ．，on－top，twofol（l　and　threefol〔l

bri（1ges，are　occupied　for　the〔1ifferent　metal　sites。The

pre（lominant　presence　of　the　linear　CO　童ndicates　that

there　is　a　smaller　back－donaUon　of〔1－electrons　at　the　al－

loy　electrode　than　that　at　the　pure　Pt　electrode，which

may　suppress　the　formation　of　mul丘一fold　CO，the　total

coverage　of　the　multi－fold　CO　and　the　COOH　as　a　CO

（1ehvative．The　result　is　well　consistent　with　our　previ－

ously　proposed　mechanism　that　the　strong　mod温cation

in出e　elect了onic　structure　of　the　Pt　skin　by　the　underly－

ing　alloy　lowers　the　Femli　level　at　the　electrode　surface，

which　results　in　deactivation　of　the　Pt　skin　towards　the

CO　chemisorption，ガ．6．，（θco＝0．55（see　Fig．2（bottom））．

　　The　O－H　stretching　ban（1near3400cm－10f　the　ad－

sorbed　wat（∋r　is　observe〔l　below　oα．0．75V（see　Fig．5

（bottom）），which　is　slightly　potential－dependent．The　in－

creased　negaUve　peak　of　the　absorP廿on　band　infers　the

（lecrease　in　the　amount　of　the　adsorbe（1water　due　to　the

strong　interac亘on　between　the　water　moleculeξm（l　metal，
　　　　ズwhich　also　leads　to　the　negative　shift　of　the　wavenumber

for　the　sn・etching．The　con℃spon（ling　O－H　bending　ban（1

between1600an（11750cm－1is　too　weak　to　observe　be－
10w　O．75V．The　re〔1uction　of　COL　band　an（l　the　growth　of

CO2band　commence　beyon（i　O．625V　in　Fig．5．Whereas

the　adsorbe（1HOOH　species　has　been（1etected　at　least

beyond　O．625V　in　the　blank　solution　（see　Fig。4A），it

αmnot　be　detected　until　the　linear　CO　is　almost　removed

beyon（10．75VbytheoxidationtoCO2。Thus，itiscon－
si（lere（1that　dle　linear　CO　on　the　Pt　skin　underlain　by

the　Pt－Fe　alloy　must　be　oxidized　by　the　reaction　with　the

peroxide　species　via　the　so－calle（1“bi－functional　mecha一
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Fig．51ηs吻IRspectratakeninO．1MHClO40nthePt27－
Fe73五lm　electrode　for　the　saturation　coverage　of　CO（θco＝

0．55）；theposi廿ve－goingscanrate：20mV／s①yOHinH20，

②レOH　hl　H202／H20，③δOH　in　H202／H20，⑤CO2，⑥linear

CO，and⑦CO32一．E，，f（IR）＝0．075V　except⑥（no　CO　at　E，，f

（IR）＝0。975、り．

nism”proposed　by　Watanabe　and　Motoo，5）where
HOOH　species　are　consi（1ered　as　the　limiting　reactant　in

the　CO　oxida丘on　reaction。

P覧一〇H十Pt－CO→2P牝十CO2十H＋十e一 （3）

　Accompanied　with　the　pro（luction　of　CO2，new　bands

aroun（i　l450，1380an（11310cm 1appear．The　bands
coul（l　be　assigned　to　carbonate　species．37・38）The　carbon－

atespeciesmaybefomedthroughthesubsequentsteps
as　in　the　followin9，

R一（CO2）＋Pt－OH2－Pt－CO32一＋Pt＋2H＋　（4）

where　the（CO2）represents　a　weakly　bon（1e（10r　non－

bonded　CO20n　dle　Pt　skin　surface．

3．2．4　　Depen《len｛：e　of　the　absorption　ban（l　for　the

CO　ad－layer　on　the　electrode　potential

　The　wavenumber　of　the　linear　CO　ban（1in　the　satu－

rated　coverage　（θcoニ0．55）　on血e　Pt－Fe　alloy　elech・ode

is　plo枕e（1（◇）as　a　fhncdon　of　the　potendal（Fig．6B）．It

was墨oun（l　that　the　wavenumbers　exhibit　extremely　sma11

EJθ‘」名oohθ”露s‘り7

values，6．g．，6α．1980cm－1at　O．05V，which　is60cm－l

smaller　thξm　that　of　the　pure　Pt　with　the　saturate（1cover－

age　CO，’．6．，θco＝1．0．14）As　the　potential　is　swept　to

positive　direction　between　O．075and　about　O．7V，the　CO

band　linearly　shifts　to　higher　wavenumbers　with　the

slope　of　about54cm－1／V．The　slope　is　larger　than　that

（6σ．30cm 1／V）of　the　pure　Pt　electrode　with　the　satu－

rate〔l　coverage　of　CO，♂．6．，θco＝1．0．14・20，21・39）Generally，

the　slope　increases　widl　the　decrease　of　the　coverage．40）

The　present　large　slope　is　apParenUy　renec廿ng　the　sup－

pressed　saUlra恒ng　CO　coverage　on　the　alloy　sulface．

Two　mo（1els　have　been　proposed　in　order　to　explain

such　a　linear　potential（lependence　on　the　wavenumber

for　the　CO　a〔1－layer，ゴ．6．，a　firsレorder“S血k　e猛ect”as－

suming　a　rigid（1ipole　oscillator　in　a　variable　electric

field41）an（1a“chemica1”model　of　the　potential－dependent

surface　bonding．42〉In　a（1（lidon　to出e　elec廿ic五eld　in血e

imer　Helmholtz　lay「er，other　physical　parameters　may

also　influence　the　wavenumber　of　the　CO　ad－layer，ε．g．，

the　adsorbate　coverage　an（1the　adsorbate　binding　ge－

ometry．If　these　physical　parameters　are　constant，the

linear丘equency－poten“al　relaUonship　can　be　observed　as

in　the　present　work　on　the　skin　of　the　Pt－Fe　alloy．This

linear　rela廿onship　is　quite　d協erent　not　only　in　the　shape

but　also　in　the　wavenumber　location　from　the　non－

monotonous　relationship　obtaine（10n　the　pure　Pt　with

the　same　coverage　of　CO　ad－1ayer，which　is　shown　in　Fig．

6B，cited　from　ref．14．The　non－monotonous　relationship

on　the　pure　Pt　is　due　to　the　h’ansition　of廿1e　bri（lged　CO

to　the　linear　CO　an〔l　maybe　due　to　the　effect　of　the
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on　the　Pt27Fe73（θco＝0。55）and　on廿1e　pure　Pt（θco＝0．48），
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wavenumber，of　the　linear　CO　on　the　Pt27Fe73（θco＝0．55）
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COOH　species．14〉The　less　d－elec仕on　densi取　of　the　Pt

skin　on廿1e　alloy　elecn’ode　leads　to　the　decrease　of　the

electron　back－donation　to2π＊orbital　of　the　CO，which　is

oneofthedominantfactorsforthe恥一CObondingfoma－
tion，19）and　thus　only　linear　CO　may　be　fomled　unlike

the　pure　Pt　electrode．The　decrease　of　the　back－donation

might　increase　the　wavenumber　for　the　C－O　stretching．

In　fact，however，a　lower　C－O　wavenumber　is　obselved

as　shown　in　Fig．6B．The　observed　low　wavenumber　for

the　C－O　s仕etching　in（licates　that　another　factor　should

be　considered　to　understImd　the　present　experimental

fact．For　example，the　metal－CO　molecule　interaction
must　be　important．Here，it　should　also　be　noted　that　the

half　wi（lth（40cm－1）of　the　linear　CO　ban（10n　the　Pt

skin　is　broa〔ler　than　that（30cm－l　atθco＝0．5an（120

cm』1atθco二1．0）on　the　pure　Pt．14）The　bImd　broaden－

ing　mainly　reflects　the　increase　in　mobihty　of　the　ad－

sorbe（1CO　molecules．Regarding　the　vibrational　fre－
quency　of　CO　a〔1sorbe（10n　metal　site，the　following　theo－

re廿cal　equaUon　has　been　accepted，43）

y、＝v・（1＋々1μ2／2た必c2） （5）

whereた1an（1髭o　represent　the　force　constant　of　the

meta聖C　and　the　C－O　stretching，respectively．り。and　yo

are　the　vibradonal丘equency　in廿1e　a〔lsorbed　s田te　an（i　in

the　gas　phase．μis　the　re〔luced　mass　of　the　CO　molecule

Imd砿c　is　the　mass　of　carbon，Since海o　is　constξmt，the

negative　shift　of　the　COL　wave　number　indicates　the　re－

duc恒on　of　the　force　constImtん1at　the　meta1－C　or　the　in－

crease　of　the　bond　length　between　Pt　and　C．Thus，the

observed　low　wavenumber　of　the　CO　ad－layer　confirms

the　weakening　of　bon〔i　strength　between　Pt　an（1C　on

the　Pt　skin　of廿1e　alloy．

3．2．5　CO　tolerance　mec血anism　on　Pt・Fe　a皿oys　for

the　oxidation　of　H2containing　CO　imp皿ity　　　Fig－
ure6A　shows　the　relationships　between　the　nomlalize〔1

intensity　of　CO　or　CO2ban（ls　and　the　potential。On出e

Pt　skin　of　the　alloy　electrode，CO2（○）increases　mo－

notonously　by　the　oxi（1a偵on　of　the　linear　CO　（△）beyond

oα．0．6V．Thus，itwascon負medthatthelinearpoten偵al
dependence　of　the　vibraUon丘equency　for　dle　linear　CO

appears　below　the　onset　potential　of　the　apparent　CO　oxi－

dation，presumably　resulting　from　the　change　of　the　elec－

tric丘eldinthe　imerHe㎞holtzlayer．
Thenomalizedintensities　ofthe　CO（▲，▼），CO2（●）

absorp昼on　bands　atθco＝6α．0．5　0n　the　pure　Pt　elec－

trode　are　shown　in　Fig．6A．15〉Since　IR　spectra　for　the

COOH，the　presence　of　which　was　confimne（1in　our　pre－

vious　work，14）were　overlapping　with　those　of　CO32－in

some　potential　region，the　similar　quImtitative　potentia1－

dependence　to　that　on　the　Pt　skin　could　not　be　shown　in

the丘gure．However，it　is　clear　that　after　the　intemal

αansition　of　the　bri〔lged　CO　（▼）　to　linea匪　CO　（▲）

aroun（10．2V，each　of　them　keeps　a　steady　value　until

their　o》ddation　commences　in　the　more　positive　potential

region（see　ref14）．丁駐is　result　is　well　consistent　with

the　depen〔1ence　of　the　wavenumber　for　the　stretching　of

the　linear　CO（▲）on　the　potential，shown　in　Fig．6B．

　　It　should　be　emphasized　that　both　of　linear　an（1
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bridged　CO　（▲，▼）　on　the　pure　Pt　begin　to　decrease

…md　disappear　almost　at　the　same　narrow　potential　region

as　that　of　the　linear　CO　（△）on　the　Pt　skin　of　the　alloy，

∫．ε．，0．60～0．75V，although　the　CO2pro（1uction　occurs　at

less－positive　potential　by　more　than　O．，1V　on　the　pure　Pt．

This　clearly　shows　two　impo血mt　points，」．6．，（1）the　Pt

skin　surface　on　the　alloy　is　not　more　active　than　that　of

the　pure　Pt　for　the　direct　oxidaUon　both　of　linear　and

bhdge（l　CO，（2）the　lower　onset　potential　for　the　oxi（1a－

tion　of　the　CO　ad』layer　on　the　pure　Pt，foun（l　in　the　CV

（see　Fig．3B）is　not　due　to　the〔lirect　oxidation　of　the　lin－

ear　and／or　bridge〔1CO　but（lue　to　the　adsorbed　COOH，

induced　by　the　surface　reac糠on　between　the　adsorbed

CO　and　H20，as　propose〔l　in　our　previous　work．14）Then，

the　question　arises　how　the　excellent　CO　tolerance　for

the　o》ddation　of　H2containing　CO　impurity　can　be
achieved　on　the　Pt－Fe　alloys　as　well　as　PレRu，Pt－Co，Pt－

Ni　or　Pt－Mo．8－lo）

　　Recently「，Ross　and　coworkers　have　worked　extensively

about　the　CO　tolerance　on　Pt－Sn，Pt－Mo　as　well　as　Pt・Ru

alloys，but　the　CO　content　in　H2is　really　high（＞1％）

far　from　that　in　the　practical　fuel　cell　condition．44－46）Goレ

tesfel（1ξmd　coworkers　also　studied　the　mechanism　on

the　Pt・Ru　alloy　in　the　practical　fUel　cell　by　means　of

mathematical　simulation．47〉Both　groups　ascribed　the　CO

tolerance　to　the　formation　of　a　few　percent　of　CO－free

sites，which　were　thought　to　be　prepare（l　by　the　direct

CO　oxida廿on　on　廿le　exposing　surface　of　bo廿1　alloy－

component　metals　via　the　bi－functional　mechanism　origi－

nally　proposed　by　Watanabe　and　Motoo．5）But，the

mechanism　may「not　be　applicable　to　the　present　CO　toト

erance　to　the　anodic　oxida廿on　of　H2con惚ining　CO，by

two　reasons．First，the　H20xidaUon　occurs　in　less　posi－

tive　potential　region　near　the　equilibrium　potential，

whereOorOHspeciesrequiredfortheo》ddationofCO
may　not　be　remaining　on　the　neighbor　surface　sites　due

to　the　negligibly　small　equilibrium　coverage　Imd（1ue　to

the　reaction　with　H2e》dsting　around　them　in　large　ex－

cess．Secon（1，there　are　no　second　element　sites　for　O　or

OH　adsorp亘on，because　of　the　formaUon　of　Pt　skin　as

（1escribed　above．Although　the　Pt　sites　at　con℃sion　resis－

tant　Pt　alloys　such　as　a　Pt－Ru　have　adjacent　second　ele－

ment　sites，O　or　OH　a（1so叩tion　on　dle　latter　may　not　oc－

cur　also　by　the　above　first　reason．The　Pt　skins　on　the

Pt－alloys　with　d迅erent　compositions　had　neither　particu－

larly・high　roughness　nor　exposure　of　particular　crystnl－

line　facets　in　comparison　with　pure　Pt，rather　di（1也ey

exhibit　the　mod迅ed　electronic　stmcture。8－13）All　of　the

SEIRAS　data　combine（1with　the　CVs　in　the　present　work

well　agree　with　the　mod価cation　of　the　surface　by　the　al－

loying　in　the　elec住onic　shuchlre，6．9，，the　high　activily

to　H200xidation，the　disappearance　of　the　multi－fol（1CO

or　the　weakened　Pt－C　bonding　force，all　of　which　must

be　brought　about　by　the　increased　d－vacancy．No　specific

enh｛mcement　of　direct　CO　o）ddation，however，was　foun（l

as　shown　in　Fig，6，in　spite　of　the　high　acUvity　for廿1e

fomadon　of　OH　species，which　may　be　involved　in　the

bi－functional　CO　oxidation　mechanism．Nevertheless，

there　remain　a　large　number　of　CO　free　sites（mosdy＞

50％）on　the　Pt　skin　surfaces　having　no　alloying　met一
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Fig．7　Rela丘onship　between　the　steady　kinetic　cuπents　at20

mV　vs．RHE　for　the　oxidation　of　H2containing100ppm　CO

on　various　CO　tolerant　alloys　having　dif6erent　compositions

Imd　the　surface　CO　coverage．Dashe（11ine　is　the　similar　rela－

tionship　on　pure　Pt，cite（1丘om　ref．17．The　mmbers　attached

to　data　points　indicate　atomic　percentage　values　of　the　sec－

ond　element　contents　in　Pt　alloys，and　the　data　sets　at　zero

CO　coverage　show　initial　activities　of　some　al1（レys　just　after

exposing　them　to　CO　containing　H2．

als．8－10）Thus，we　conclu（1e　the　mechanism　for　the　CO－

tolerance　on　the　Pt－Fe　alloy，づ．6．，the　lowered　electron

（1ensi敏of5d　orbi田10f　Pt（lecreases　an　electron　back一

（10nation　ffom　the　Pt5d　orbital　to2π＊orbital　of　CO，Imd

consequently　supPresses　CO－Pt　bonding，resulUng　in廿1e

lowered　CO　coverage　and　the　suf且cient　H20xidation　rate

on　the　CO－ffee　sites。Although　we　have　discussed　the

CO－tolerant　alloy　base（10nly　on　the（iat丑for　Pt27Fe73in

this　paper，we　have　obtained　the　similar　results　on　the

odler　Fe　composiUons　an（l　believe　that　the　results　on

this　represent且dve　alloy　can　be　exten（1ed　to　all　of　the

CO－tolerantalloys．

　Figure7shows　the　stea〔ly　kinetic　cun・ents（五）on　our

various　CO　tolerant　alloys　as　a血ncdon　of　the　CO　cover－

age　in　comparison　with　those　obtained　previously　on
pure　Pt．17）Theムvalues　on　the　pure　Pt　decrease輌th　in－

creasing　CO　coverage，ガ．ε．，1k＝ゐ（1一θco）atθ＜6α．2／3，

and　lk＝た（1一θもo）　atθ＞oα．2／3，as　sho㎜　by　（lotted

line．17）The　relations　indicate　that　the　a（lsorbe（l　CO　is　not

mobile　on　pure　Ptξmd　the　dissociative　H2a（1sorption　fol－

lowed　by　the　ionization　becomes　the　rate一（1etemining

step　for　the　H20xi（1ation．On　the　other　hand，it　is　clear

that　the　lk　values　scarcely　depend　on　the　CO　coverage　at

the　CO－tolerant　alloys　an（l　keep　the　s㎞ilar　large　cur－

rents　to廿1at　of　pure　Pt　without　poisoning　by　CO　regard－

less　of　the　alloy　combination　as　well　as　the　composition．

AsuppressedCOcoveragehasbeenfoundoneveryour
CO－tolerant　alloy，lo）but　the　in（lepen（lency　on　this　CO

coverage　distincdve　from　that　of　pure　Pt　may　not　be　ex－

plained　unless　a　high　mobility　of　the　adsorbed　CO　is

励【en　into　account　so　as　the　dissociaUve　adsorpUon　of　H2

molecules　an（1the　following　charge　trImsfer　may　not　be

disturbed．The　weakening　of　Pt－C　bon（1－strength　an（l　the

increase　of　mobiHty　are　inferred　by　the　negative－shift　of

COL　band　and　the　broa（1ening　of　its　ha荏width　at　ATR一

EJ60∫名oohθ”露sオり7

SEIRAS，as　seen　above．Thus，it　is　considere（1that　the

H2（lissociation　an（l　the　successive　oxidation　may　not　be

dishlrbe（i　on　the　alloy　surface，even　廿10ugh　there　are

some　adsorbed　CO　molecules．

　　　　　　　　　　　　　4Conclusion

　The　electronic　property　of　the　metal　was　modified

when　they　were　alloyed　with　another　metal．1％s伽訂R－

SEIRAS　was　used　to　investigate　the　oxi（lation　process　of

a（1sorbed　CO　on　the　Pt27Fe73alloy，the　surface　of　which

was　covere（1with　the　Pt　skin　an（l　ha（1the　increased　d－

vacancy．Linear　CO　with　lowere〔1saturate（1coverage　was

foun（1predominantly　on　the　skin　of　the　alloy，which　ha（1

a　higher　mobility　by　the　weakened　Pt－C　bon（1ing　than　on

the　pure　Pt．An　adsorbe〔l　HOOH　species，which　could

not　be　observe（1at　the　pure　Pt　electrode，was　clearly　ob－

serve（1beyondO．6Vintheelectrolytesolutionwithout
CO．This　formaUon　could　also　be　ascribed　to　the　in－

crease（1d－vacancy　in　the　Pt　skin．Carbonate　species　was

also　detected　around　l300～1450cm－1，which　were　pos－

sibly　pro（luce〔l　by　the　su㎡ace　reaction　of　CO2with　water

or　OH　species．However，it　was　found　that　the　Pt　skin

ha（l　no　specifically　high　activity　for　the　direct　CO　oxi（1a－

tion．Thus，we　can　conclude　that　the　CO　tolerance　on　the

Pt－Fe　alloy　surface　is　brought　about　by　the　lowehng　of

the　CO　coverage　as　well　as　its　bonding　strength，づ．ε．，

“deto畑cation”by　giving　mobility　to　a（1sorbed　CO　with

the　low　coverage，but　not　via　facilitating　the　oxidation　of

CO．
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