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Mechanism of CO Oxidation on Pt(111) in Alkaline Media

J. S. Spendelow, J. D. Goodpaster, P. J. A. Kenis, and A. Wieckowski*

Departments of Chemistry of Chemical & Biomolecular Engineering,
University of lllinois at Urbana-Champaign, 600 South Mathewg&®ue, Urbana, lllinois 61801

Receied: January 5, 2006; In Final Form: March 8, 2006

Electrochemical techniques, coupled with in situ scanning tunneling microscopy, have been used to examine
the mechanism of CO oxidation and the role of surface structure in promoting CO oxidation on well-ordered
and disordered Pt(111) in aqueous NaOH solutions. Oxidation of CO occurs in two distinct potential regions:
the prepeak (0.250.70 V) and the main peak (0.70 V and higher). The mechanism of reaction is Largmuir
Hinshelwood in both regions, but the OH adsorption site is different. In the prepeak, CO oxidation occurs
through reaction with OH that is strongly adsorbed at defect sites. Adsorption of OH on defects at low potentials
has been verified using charge displacement measurements. Not all CO can be oxidized in the prepeak, since
the Pt=CO bond strength increases as the CO coverage decreases. &glew0.2 monolayer, CO is too
strongly bound to react with defect-bound OH. Oxidation of CO at low coverage occurs in the main peak
through reaction with OH adsorbed on (111) terraces, where th®Rtbond is weaker than on defects. The
enhanced oxidation of CO in alkaline media is attributed to the higher affinity of the Pt(111) surface for
adsorption of OH at low potentials in alkaline media as compared with acidic media.

1. Introduction pronounced when the partial pressure of at least one of the
reactants becomes very low. At the setidquid interface, the

lA?s?r?t'on Iau;d OXIgatIOE of COton I.Dt Turf?c;s ('jn aq.ueo%:s orders-of-magnitude greater density of a liquid as compared with
electrolyte solutions has been exiensively studied, primartly o gas causes an orders-of-magnitude greater frequency of
because of the importance of CO as a catalyst poison and alsg

tion int diat Pt and PUR talvsts in | collisions between adsorbed and nonadsorbed species;Ro E
as a reaction Intermediate on it an u catalysts In IoW- o 4ctions should be much more common at soliiguid
temperature direct methanol fuel cells (DMFCs) and reformate- ; : :

1 ) interfaces than at solielgas interfaces.
fed hydrogen fuel cell$7!! Alkaline electrolytes have been N hel . idic el | CO oxidation is k
shown to possess some advantages for CO oxidation on pure VeVertheless, in acidic electrolytes, CO oxidation is known

Pt catalysts, as the onset of CO oxidation on Pt occurs at lower!© 0¢cur through an £H mechanism in which the adsorbed
relative potential in alkaline media than in acidic meHias CO reacts with an adsorbed oxygen-containing species derived

Despite this advantage, most studies of CO and methanolffom water!~” Competition between CO and OH for adsorption

oxidation have employed acidic electrolytes, since the problem SIt€S iS evinced by the peaked current transient during poten-
of electrolyte carbonation in alkaline media complicates the use tioStatic oxidation of a saturated CO adlayer. Initiation of the
of alkaline electrolytes for fuel cell$.Fuel cells that incorporate reaction through an-ER mechanism prior to the onset ofH
electrolyte circulation provide the possibility of continuous ©Xidation has been proposétiut most authors favor an-tH

removal of carbonates, suggesting that operation of an alkalinemeChaf'jsm for CO oxidation even during the nucleation
fuel cell under practical conditions is not impossible. In phase€" In alkallme ()81|§Ctrqutes, some authors have asserted
particular, a laminar flow fuel cell which lacks a membrane to @n L=H .meghanlsrﬂ,’ >while others have proposed an-R
separate the anodic and cathodic compartmérésshows  Mechanisn®? Our previous study found some evidence to
promise as a fuel-flexible, electrolyte-flexible system in which SUPPOrtan ER reaction at low potential, but we were not able

electrolyte repurification can be incorporated and clogging of {© €liminate the possibility of antH reaction in which CO
membrane pores with carbonates cannot occur. and OH adsorption is noncompetitive. In contrast to the acidic

case, potentiostatic CO oxidation at low potential in an alkaline
electrolyte produces a monotonically decaying current transient.
The lack of a peaked profile means that the activity of the
oxidant species does not significantly increase as the CO
coverage decreases, indicating that the oxidant cannot be a
species that competes with CO for adsorption sites. Rather, the

A detailed understanding of the mechanism of CO oxidation
on Pt surfaces would be useful in optimizing Pt-based catalysts
for fuel cell reactions. In general, Langmtirinshelwood (1=
H) mechanisms are favored for most surface reactions occurring
at the solid-gas interface, but the situation is different at the
solid—liquid interface. The principal reason for the scarcity of ) -
EIey—Rci]deaI (E-R) mechar?ismspat the sotidjas interface |ys oxidant must be a nongdgorbed C.)HE_R mechanism) or an .
the relatively low frequency of collisions between adsorbed and 2dSorbed oxygen-containing species that does not compete with
nonadsorbed species, as compared with the frequency ofCQ for the same adsorption sites (noncompetitiveH mech-
collisions between two adsorbed species or an adsorbed specie@n'sm)'
and a trapped Specié%_'rhis difference becomes particularly The results reported here indicate that a noncompetit‘iVH L

mechanism involving OH bound on defects is the operative
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higher potential. This conclusion is upheld by analysis of the measurements. The reference electrode was a Ag/AgCl electrode
Tafel slope, the reaction order in OHthe effect of the surface  connected to the cell by an electrolyte bridge filled with 0.1 M
structure, and the effect of the adsorption environment on the NaOH.

rate of CO oxidation at low potentials. 2.3. Surface CleanlinessThe preparation (and maintenance)
of clean Pt(111) surfaces requires special attention in alkaline
2. Experimental Section solutions, which tend to be more susceptible to contamination

) . than comparable solutions of,80, or HCIO;,. In particular,

2.1. Electrochemical ExperimentsA 2 mm bead-type Pt revious studies have shown a voltammetric peak corresponding
(111) electrode was employed in the electrochemical experi- o requction of an adsorbed species at 0.54 V, which was
ments. Materials used were Ar and kBJ Smith, ultrahigh  jqentified as an iron-containing adsorbate by analysis of X-ray
purity), CO (SJ Smith, research grade}3@ and HCIQ (GFS, photoelectron spectfIn most cases, the Fe contamination can
doubly distilled from Vycor), and NaOH and NaF (Merck, e ayoided through use of the highest quality grade of NaOH.
Suprapur). Electrochemical measurements were performed iny, experiments using CO, further care must be taken to ensure
a two-compartment cell with a Pt wire counter electrode and a {4t yolatile iron carbonyl species are not present, either through
Ag/AgCl reference electrode (BAS, [JI= 3 M), although all ;s of Al cylinders for CO storage or by removing Fe from
potentials are quoted on the RHE scale unless otherwise gniaminated CO gas. Removal of Fe can be accomplished by
indicated. An Autolab PGSTAT 30 potentiostat was used for thoroughly contacting the CO with solid or aqueous Nat®H.
all measureme.nts. Prior to measurements, the clean elect.rodq:or experiments that require either an extremely long duration
was annealed in aflame for several seconds and cooled in o high mass transfer of solution-phase species to the electrode
a H + Ar stream. The electrode was transferred to the gytace, significant Fe contamination can develop even when
electrochemical cell with a drop oftaturated Millipore water using the highest purity chemicals. In this situation, adding a
to protect against oxidation and contamination of the working large surface area of Fe-free Pt (black Pt wire) to the
surface. After potential cycling in 0.1 M430, to confirmthe g jectrochemical cell greatly reduces the severity of Fe contami-
surface quality and cleanliness, the e_Iectrode was rinsed W'thnation, as most Fe is removed from solution by adsorption onto
Ar-purged water, and the 430, solution was drained and  {he pt wire surface. Using this method, a contaminated Pt(111)
replaced with 0.1 M NaOH solution under a continuous Ar g rface can even be cleaned, as Fe slowly desorbs from the
blanket at open circuit potential. Adsorption of CO was py111) and adsorbs on the Pt wire. The adsorbed Fe can be
performed by replacing the Ar blanketing gas with a 5% CO/ perindically removed from the Pt wire by immersion in acidic

95% Ar stream while the electrode was maintained in meniscus ¢qtions. Use of the above procedures in the present study has
configuration at a potential of 0.10 V. Adsorption of CO in  gjiminated most Fe contamination.

meniscus configuration allows measurement of the current

transient resulting from displacement of adsorbed species (thecumstances, resulting in poor-quality background cyclic volta-
co charge d|§placement techniéeintegration of the current mmograms. In general, these contaminants can be eliminated
transient prow_d_es a measurement of the_surface_charge assoClsy, avoiding exposure of the Pt(111) surface to laboratory air.
a_ted with spec_lflc adsorption at the potential at which the charge_ Some exposure to air is unavoidable during the flame annealing
d|spélac_et2ne3t IS pgrformedb Thelsulrfacg charge d(re]nsny assc_)cll-and transfer process, but in this study the resulting contaminants
ated with adsorption may be calculated at any other potential oo readily removed by performing cyclic voltammetry
by integration of the background CV. After CO adsorption was between 0.05 and 0.85 V in 0.1 M,8O; soiution. After this
completed (apprommat_ed as 3.0 s after the completion of the cleaning step, the 30, solution was drained from the cell,
desorption current transient, typically about_90 s of CO exposure the crystal was rinsed with a jet of Ar-saturated water, and the
total), the electrode was raised from solution and the cell was cell was filled with 0.1 M NaOH solution, all performed under

purged with Ar for 60 s, which was sufficient to remove all a blanket of Ar to avoid any exposure to laboratory air. This

traces of CO. Emersion of the electrode during Ar purging ,.ocequre consistently prevented any detectable contamination.
limited surface contamination, which otherwise may occur due

to the high rate of mass transfer created by solution purging. . .
This procedure yielded a saturated CO adlayer (0.69 monolayer3' Results and Discussion
(ML) in CO-free solution), as determined by integration of the 3.1. Pt(111) Surface: Structure and Voltammetry Figure
CO oxidation current. Subsaturated CO adlayers were producedlA shows a background cyclic voltammogram (CV) for Pt(111)
by bubbling Ar gas through the solution, with the electrode in 0.1 M NaOH. To a first-order approximation, the pseudoca-
immersed, and injecting a small amount of CO (6-Q50 mL) pacitance at potentials less positive than 0.40 V can be assigned
into the Ar stream using a gastight syringe. The electrode was solely to adsorption of H, while between 0.65 and 0.85 V OH
raised from the solution after 20 s of bubbling, and the solution adsorption occur¥’2° In the intermediate “double-layer”
was purged with pure Ar for an additional 60 s to remove all region, 0.46-0.65 V, the surface is free of adsorbed H and OH.
traces of CO. A good understanding of the surface electrocatalytic properties,
2.2. STM Experiments. Scanning tunneling microscopy however, requires a more nuanced description. Specifically, the
(STM) was performed in situ in 0.1 M NaOH solution using a above interpretation would be correct for an ideal (111)-oriented
Molecular Imaging Pico STM instrumen& 1 cm cylindrical surface, but even the most carefully prepared (111) surface
Pt(111) crystal was used for STM. After flame annealing, contains a finite defect density, which in some cases can
cooling in Ar + Hy, and dipping in water, the crystal was dominate the electrocatalytic behav#8iThis is the case even
protected by adsorption of iodine from 1 mM KI solution and on the state-of-the-art surfaces employed in this study (Figure
transferred to the STM cell, where the iodine was removed by 1).
holding the potential at approximately 0.1 V while rinsing with Very small errors in orientation and cutting produce a low
0.1 M NaOH. Imaging was performed in constant current mode level of (110) and (100) steps on the otherwise well-ordered
with a tunneling current of 2 nA. Electrochemically etched  Pt(111) surface, producing adsorption peaks at 0.27 and 0.40
tungsten tips, coated with paraffin wax, were used for all STM V, respectively?® These features are barely observable on a well-

Other unknown contaminants may appear under some cir-
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Figure 1. Pt(111) cyclic voltammograms in 0.1 M NaOH (A) and 0.1  Figure 2. Results of CO charge displacement experiments on well-
M H,SQ, (B), scan rate 50 mV/s. Dotted line: freshly annealed surface. ordered (A) and disordered (B) Pt(111) surfaces in 0.1 M NaOH. The
Solid line: same surface after six scans up to 1.25 Vin 0.1 M NaOH. syrface in (B) was disordered by 10 scans up to 1.31 V in 0.1 M NaOH.
Solid line: background cyclic voltammogram. Dotted line: charge
ordered surface such as the one represented by Figure 1A, budensity of adsorbed species. Charge displacement was performed at
may still play a role in CO oxidation due to the high mobility ~0-12, 0.17, and 0.22 V (black circles).
of CO on Pt surface®. The adsorbate at these potentials has
been assigned to underpotentially deposited (upd) H by most
authors, although the concurrent existence of adsorbed OH at 4
these defects has also been proposed by 3$Bnfecent
semiempirical calculations predict that OH adsorption on Pt in
alkaline solutions should commence at 0.61 V, which is in good
agreement with the observed onset potential of 0.65 V for OH
adsorption on terracéd Nevertheless, OH adsorption at defect -2 1
sites occurs at lower potentials than on terraces, as confirmed
recently on Pt nanoparticlé&since the P+OH bond is stronger 4
on defect sites than on terracésCharge displacement experi-
ments confirm the existence of adsorbed OH in this region o 5 4 6 s 10
(Figure 2). The surface charge density resulting from adsorbed t(s)

Species ¢d at 0.12 V was determined by measuring the Figure 3. Charge displacement on a disordered Pt(111) surface at 0.42
displaced charge upon exposure to CO, agglat all other /i 0.1 M NaOH. CO was introduced into the cellat 2 s.
potentials was obtained by integration of the background CV
starting from 0.12 V. In our notatiomjq represents the charge  incipient oxidation of CO skews charge displacement measure-
on the metal side of the interface, so a positive value@f  ments, necessitating the integration of the background CV from
indicates net anion adsorption, while a negative value corre- potentials lower than 0.25 V to ascertaigg in this region.
sponds to net adsorption of cations (upd H). Charge displace-ualitative information can still be obtained by performing
ment was also performed at 0.17 and 0.22 V, and the good charge displacement at higher potentials. Adsorption of CO at
agreement petween the measured values and. the integrate@ 4o v/ (Figure 3) results in a brief negative-going current
charge density demonstrates the accuracy of this method.  ransient (prior to the onset of CO oxidation), which can be
As an aside, we note that the charge displacement methodattributed to desorption of OH from defect sites. The charge
has been used to estimate the potential of zero total charge (pztchisplacement experiments depicted in Figures 2 and 3 demon-
of various metal surfacéé:3>The potential at whiclo,q = 0 is strate that OH adsorption occurs at low potentials, with OH
an approximation of the pztc, although for a more accurate localized at defect sites, and that some overlap occurs between
estimation the free charge associated with nonspecifically the potential range for H adsorption and the potential range for
adsorbed charged species must also be taken into account. Thi®H adsorption. This interpretation is in agreement with the
is the subject of a parallel investigation in our laborat8ry. observation that O adsorption is stronger at step and kink sites
On well-ordered surfaces (Figure 2A) the OH coverage is than on terrace sites on vicinal Pt(111) surfaces in an ultrahigh
too low to observe by the charge displacement method, suchvacuum (UHV)37~4! as well as the recent in situ observation
thatoag~ 0 throughout the double-layer region (0-4Q.65 V). of OH adsorption on edge sites at lower potential than on
Introduction of defects reveals the presence of OHzas 0 terraces?®
throughout the double-layer region for a disordered surface In the region between 0.40 and 0.65 V, no detectable specific
(Figure 2B). Unfortunately, at potentials higher than 0.25 V the adsorption of charged species occurs on well-ordered surfaces,
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Figure 4. Cycling up to 1.25 V results in the adsorption of O at

potentials higher than 0.85 V, and the development of a reversible peak
at 0.49 V. The third scan up to 1.25 V at 50 mV/s is shown.

I .
Figure 6. Pt(111) surface imaged by in situ STM in 0.1 M NaOH
(Eiip = 0.4V, Esutace= 0.5 V). The top and bottom images show the
same 20x 40 nm area of the surface. Top: freshly annealed surface.
Bottom: after cycling up to 1.20 V 12 times.

geometry, as demonstrated in the background CV for a similar
surface (Figure 2B). In contrast, potential cycling with a less
positive anodic potential limit (1.25 V or lower) does not result
in a significant increase in the population of4 nm islands,
instead producing smaller islands (diametdr nm), as shown

in Figure 6. These islands are the source of the voltammetric
peak at 0.49 V in 0.1 M NaOH.

A surface with a well-developed peak at 0.49 V in alkaline
solutions can be transferred to acidic solutions for further
characterization. As illustrated in Figure 1B, the structural
feature that causes the 0.49 V peak in alkaline solutions also

) . L . gives rise to a voltammetric peak at 0.32 V in sulfuric acid
F'Q_’“r_e > PHlll) SErface imaged by in situ STM in 0.1 M NaOH solution. Studies on vicinal Pt(111) surfaces have shown that
(Eiip = 0.4V, Esuace= 0.5 V). The top and bottom images show the . B . . : .
same 40x 80 nm area of the surface. Top: the surface had been this peak is related to H adsorption at kink sité42These kink
scanned up to 1.35 V three times. Bottom: the surface had subsequenthsites are characterized by Pt atoms with a lower coordination
been scanned up to 1.40 V three times and 1.45 V three times, creatingnumber than Pt atoms in (110) or (100) steps, and have the
Pt islands (+4 nm diameter, monatomic height). same geometry as sites on the edge of very small Pt islands

(Figure 7). This voltammetric evidence therefore supports the
but on lightly disordered surfaces an adsorption peak becomesassignment of the 0.49 V peak in 0.1 M NaOH to an adsorption
visible at 0.49 V (inset to Figure 1A). This feature is also visible event occurring at very small Pt islands. For the remainder of
in earlier published CV&3 but has not previously been the discussion, surfaces that have a high density of large islands,
interpreted. Cycling the potential up to 1.25 V (Figure 4) causes characterized by (110) and (100) steps sites, will be referred to
this peak to appear. The adsorption and desorption of O atas “highly disordered,” while surfaces with a high density of
potentials higher than 0.90 V results in a mild surface disorder- small islands but few large islands will be referred to as “lightly
ing, causing rapid growth of the 0.49 V peak, although features disordered”.
associated with (110) and (100) steps increase only slightly.  Since voltammetric studies in which other alkali-metal cations
The 0.49 V peak can also be developed to a small extent through(Lj+, Cs") are substituted for Naproduce no change in the
repeated cycles of CO adsorption and stripping. CV at potentials below 0.60 V, the participation of the alkali-

Electrochemical scanning tunneling microscopy is an ideal metal cation in the adsorption peak at 0.49 V can be excluded.
technique to examine the changes in surface structure resultingTherefore, the peak at 0.49 V must correspond to either H or
from potential cycling into the irreversible oxidation region OH adsorption, or a combination of the two. The behavior of
(potentials higher than 0.90 V). Figure 5 shows the effect of the peak at 0.49 V in the presence of other adsorbates further
scanning to relatively high potentials. Scanning up to 1.35 V, clarifies the nature of the adsorption event occurring in this peak.
and subsequently to 1.40 and 1.45 V, results in the formation A significant shift in the peak potential occurs when adsorbed
of Pt islands with diameters ranging from 1 to 4 nm. The edges CO is present at subsaturated levels. Increasing the CO coverage
of these islands are characterized by steps with (110) and (100)in the range from 0 to 0.17 ML results in a linear increase in
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Figure 9. Oxidation of preadsorbed CO on Pt(111) in 0.1 M NaOH
solution. Solid line: well-ordered Pt(111). Dotted line: lightly disor-
dered Pt(111). Dashed line: well-ordered Pt(111) on which CO was
adsorbed in 0.1 M bSO, solution, followed by transfer to 0.1 M NaOH.
Scan rate 50 mV/s.

main peak region (more positive than 0.70 V). Prepeak, in this
sense, refers only to the potential region, and not to the shape
of the current-potential plot, which may show one or more
peaks or only a small wave depending on the surface ordering
A L and the method of CO adsorption. For instance, lightly disorder-

N A
- v f ' ing the Pt(111) surface causes a sharp peak to appear in the
Yo Yo Yo Yo Yo Yo
A J A A ViV prepeak region. It also causes a net transfer of CO stripping
". Y * Y P Y‘ Y . Y’ Y charge from the main peak region to the prepeak, although in

both cases the total CO stripping charge (corrected for OH
Figure 7. A kink site, as indicated by the arrow in the top diagram, readsorption) is the same, 33010 xC/cn?, corresponding to
has the same local geometry as a site on the edge of the small islanda CO coverage of approximately 0.69 ML. The third trace in
(diameter 0.8 nm) shown in the bottom diagram. Figure 9, which shows the case where CO is adsorbed in 0.1
M H,SOy and transferred to 0.1 M NaOH, is discussed in section
3.2.3.

f 3.2.1. CO Oxidation: Main PealOxidation of CO in the
main peak region was assigned to arH. mechanism (egs 1
and 2)

180
160 6
140
120
100
80 1
60
40
20 1

j (nAvem?)

CO,,+ OH,,— COOH,, 1)
COOH,,+ OH_,— CO, + H,0 @)

in our previous study! and this interpretation is further
supported by the results of this study. In alkaline electrolytes,
the product CQis rapidly converted to C¢~ by reaction with
OH~. In the main peak region, OH adsorbed on terraces acts
Fig;ﬂe 8. _tEifSt pgSititve-gtOiin% Scagl on a ”%h(t)')l/ ﬂsﬁffgﬁedsglt_glllﬁ)e as the oxidant, as inferred from the position of the main CO
surtace with a subsaturate adlayer In 0.01 M NabH. Solld lIin€: - g4inning peak within the OH adsorption region and the inability
?alt\gLscc:)%\E/)/gt.ted line: 0.07 ML CO. Dashed line: 0.17 ML CO. Scan of OH adsorbed at defects to react with CO at low CO coverage.
Since OH and CO compete for adsorption sites on terraces,
potentiostatic oxidation of a saturated CO adlayer would be
the peak potential from 0.49 to 0.54 V, without any change in expected to produce a peaked curreithe profile, as com-
the shape or size (Figure 8). We also observed a similar shift monly observed in acidic medi&:849This expectation is not
with adsorbed iodine. Both H and OH are expected to interact realized during oxidation of CO adsorbed in 0.1 M NaB8H,
repulsively with CO and #6-48 so the H or OH binding energy ~ however, as a result of the oxidation of prepeak @@r to
should decrease with increasing coverage of CO or I. For OH, the onset of main peak CO oxidation. Since potentiostatic
a positive peak shift implies a weaker binding energy, whereas oxidation of prepeak CO produces a monotonically decaying
for H, a positive peak shift corresponds to a stronger binding current transient! and since roughly half of the CO is oxidized
energy. Therefore, the positive peak shift with adsorbed CO or in the prepeak, by the time main peak CO oxidation commences
I indicates that the adsorbate in the 0.49 V peak is at least partlythe CO coverage is already so low that the current transient
OH. looks like a simple decay; essentially, only the decaying side
3.2. CO Oxidation. A Pt(111) surface that has been of the peak is observable. This interpretation was confirmed
disordered such that it shows a voltammetric peak at 0.49 V by oxidizing only the prepeak (by voltammetry) in alkaline
has electrocatalytic properties for CO oxidation that are strik- media, followed by transfer to 0.1 M HClOPotentiostatic
ingly different from those of a well-ordered Pt(111) surface oxidation of the remaining CO in the acid solution produced a
(Figure 9). For both types of surfaces, CO oxidation may be monotonically decaying current transient (Figure 10), indicating
divided into a prepeak region (less positive than 0.70 V) and a that, indeed, the CO coverage after oxidation of the prepeak in

0.0 0.2 0.4 0.6 0.8
E (V. RHE)
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Figure 10. Potentiostatic oxidation at 0.64 V of a subsaturated CO
adlayer on Pt(111) in 0.1 M HCIO The adlayer was prepared by

adsorbing CO in 0.1 M NaOH and scanning once up to 0.67 V to
oxidize the prepeak, followed by transfer to HGIO
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Figure 11. (A) Oxidation of preadsorbed CO on a well-ordered Pt-
(111) surface at 0.73 V in 0.1 M NaOH. CO was first adsorbed to
saturation coverage in 0.1 M.BQ,, followed by transfer to CO-free
0.1 M NaOH solution, and the potential was stepped from 0.10 to 0.73
V. (B) Tafel slope for oxidation of a subsaturated CO adlayer in the
main peak region.

alkaline solutions is too low for a peak to occur during main
peak potentiostatic CO oxidation, whether it is performed in

alkaline or acidic media. Decreasing the size of the prepeak

allows the competitive nature of the CO and OH coadsorption
to become more visible. Adsorption of CO in 0.1 M$O,
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Figure 12. (A) Oxidation of dissolved CO on Pt(111) surfaces in 0.01
M NaOH solution saturated with 5% CO/95% Ar. Solid line: disordered

Pt(111). Dotted line: well-ordered Pt(111). (B) Tafel slope for oxidation
of bulk CO in the prepeak region.

Analysis of the Tafel slope of the initial current after a step
from 0.10 V to the final potential (ranging from 0.69 to 0.81
V) also supports the £H reaction between adsorbed CO and
OH on terraces (Figure 11B). Subsaturated adlayers, prepared
from saturated adlayers by a single potential scan up to 0.70 V,
were used for the Tafel analysis to reduce the overlapping
current from oxidation of prepeak CO. The Tafel slope measured
by this technique in the main peak region is 73 mV per decade,
very similar to previously published Tafel slopes for CO
oxidation on Pt(111) in sulfuric acid electroly&3051This value
is in reasonably good agreement with the theoretical value of
60 mV per decade for £H CO oxidation.

3.2.2. CO Oxidation: Prepeakn our earlier report! we
interpreted the monotonically decaying current transient during
oxidation of a saturated CO adlayer on well-ordered Pt(111)
surfaces as an indication of either arrH mechanism in which
CO and OH do not compete for adsorption sites ofRE
mechanism (eq 3). The subsequent oxidation of adsorbed COOH

®3)

could be either ER (eq 4) or L—H (eq 2). The shape of the
CO oxidation current transient, shown for bulk CO oxidation

(4)

CO,,+ OH — COOH,,+ e

COOH,,+ OH — CO,+ H,0+ e

and subsequent transfer to 0.1 M NaOH results in a decreasen Figure 12, reflects the rate-limiting step in CO oxidation,

of the size of the prepeak (further discussed in section 3.2.3),

coupled with a positive shift in the potential of the prepeak so
that it overlaps with the main peak (dashed line in Figure 9).
Oxidation of a CO adlayer prepared in this way reveals the
peaked currenttime profile of the potentiostatic main peak CO
oxidation (Figure 11A). This peaked profile confirms the H
oxidation of CO, with competitive adsorption of CO and OH,
in the main peak region.

which in acidic electrolytes is widely believed to be the reaction
between CO and an adsorbed oxygen-containing species. For a
well-ordered Pt(111) surface, the monotonic decay displayed
in Figure 12 is consistent with the-BR mechanism and with

the results of our previous stud¥put on a disordered surface,

a peak appears in the current transient under certain conditions.
This peak is only manifested at very high CO coverage,
requiring the presence of dissolved CO in solution during CO
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oxidation. Also, the peak only appears at potentials more positive 80
than 0.49 V. Experiments that fail to meet both these criteria 60
yield a monotonically decaying current transient similar to the
current transient on a well-ordered surface (though with higher
current density). Several conclusions can be drawn from these
data. The appearance of a peak in the CO oxidation current
transient on a disordered surface demonstrates théd L
oxidation of CO by OH adsorbed at defect sites in the prepeak

40 A

20 4

NS

j (nAvem?®)
o

region. The lack of a peak at even slightly subsaturated CO 0

coverage reveals that the oxidant OH species is a strong 60 1

competitor with CO for adsorption at defect sites. It is only at -80 . . . .

the highest CO coverage that the CO can begin to outcompete 0.0 02 04 06 08 10
OH for these defect sites, and apparently even on a fully CO E (V, RHE)

saturated surface some OH is always formed at defect sites,Figure 13. Effect of OH™ concentration on oxidation of adsorbed CO

explaining the high currents visible at the onset of potentiostatic on a well-ordered Pt(111) surface. Each voltammogram was collected

CO stripping in Figure 12. Thus, we find the experimental results &SiggHtt‘reOSiml\‘; Zt('lzllglsurlf?‘ce- (B:'gc';t:?”efn C(_Dn Sér:)plpi&g,\ilr;gﬁm M

; H H H H H al . ar. ue line: 1PpI | .

to be consistent with an tH mechanism 'T‘ which OH IS. 0.09 M NaF. Red line: CO stripping in poel?\/l NaOH. Background

successful at outcompeting CO for adsorption at defect sites, 5\/q are superimposed.

except at the highest CO coverages, while CO occupies all

terrace sites. Figure 13. This figure demonstrates that, when plotted on the
The onset of the peak in the CO oxidation current transient pH-relative RHE potential scale, the CO stripping prepeak is

at potentials more positive than 0.49 V demonstrates the virtually the same over a pH range of at least-1B when the

nucleation of OH at defects in this potential range. Since the double-layer structure is kept constant through a 1:1 substitution

peak is absent at lower potentials, this particular OH species of F~ for OH~ ions. Therefore, on a pH-independent scale such

seems not to exist below 0.49 V, so that the current at less as the SHE scale, the potential must shift§0 mV for every

positive potential must be attributed to the existence of OH decade increase in OHconcentration to keep the same CO

adsorbed at different kinds of defects. This result is not oxidation current. Thus, eq 5 reduces to

surprising when consideration is given to the heterogeneous

i dflog(]
nature of the disordered surface. ( [log(i)] ) _ _(i decadj(_60 mvV lzo_% ©)

Although the appearance of a peak in the CO oxidation 3[10g(Copp)] 130 mV decad
current transient under certain conditions confirms the existence

of an L—H mechanism for CO oxidation on a disordered Pt- The roughly half-order dependence on Oldoncentration,
(111) surface, the results are less definitive on a well-ordered which is the same dependence found by Tripkovic et al. for
Pt(111) surface. Still, the demonstration of a quasi-monotoni- methanol oxidation on Pt(111) in alkaline medias inconsis-
cally decaying current transient for the-H reaction on a  tentwith an Eley-Rideal rate-limiting step, which should show
disordered surface suggests that the monotonic decay visibley first-order dependence on OH

in the current transient for a well-ordered surface (Figure 12)  Both the Tafel slope and the reaction order are consistent
is compatible with either noncompetitivedH or E-R kinetics, with an L—H mechanism in which the OH coverage is described

given that even the highest quality “well-ordered” surface has py a mean field Frumkin isotherm (eq 7). The parametr
a finite defect density.
EF — r00H)

E

Analysis of the initial current in experiments similar to those Oon
shown in Figure 12A yields a Tafel slope of 130 mV per decade 1— 6oy = KCop ex T RT
for a well-ordered Pt(111) surface in the presence of dissolved
CO (Figure 12B). If the rate-limiting step in CO oxidation were  eq 7 represents the effect of adsorbeaelsorbate interactions,
the E-R reaction between CO and OHhe Tafel slope would - \yhich are known to be repulsive for OHso that the sign of
be expected to be 60/mV per decade, where is the transfer js positive. For such an isotherm, the OH coverage, when

coefficient; typically, 0.3< o < 0.72 Therefore, the Tafel slope  petween 20% and 80% of the saturation value, may be
should be between 90 and 200 mV if the mechanism+RE approximated as

Although the measured Tafel slope does not rule out aRRE
mechanism, a comparison of the Tafel slope and the reaction
order in OH" reveals inconsistencies that argue against-aRE
mechanism. Since the CO oxidation currghtat constant CO
coverage is a function of the electrode potential and the The rate constant for the reaction between CO and OH can also
concentration of OH ions in solution, the triple product rule  be described with a Frumkin term (represented by the parameter

(7)

EF
r

RT
Oon = T In(KCo) + (8)

gives the relationship g) to account for the effect of OHOH, OH—CO, and OH-
COOH interactions on the activation barrier:
dflog(j)] ) (3[|09(J)]) ( 9E )
=- (5) k= k; exp@0o/RT) 9)
(3[|09(C0H-)] E IE e, \Mog(Col/; o

By combining egs 8 and 9, the CO oxidation current may be
The left side of eq 5 represents the reaction order in Qthile written as
the right side is the product of the inverse of the Tafel slope . .
and the shift of the CO stripping voltammogram with potential J = Konlco =

on a pH-independent potential scale. This last term can be exp{g(ln KC _,_ﬂ:))(irm KC +E)9 10
evaluated from the pH-dependent CO stripping data shown in ko r (KCor) RTN\r (KCor) r | ©0 (10)
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The expected reaction order (eq 11) and Tafel slope (eq 12)
can be calculated directly from eq 10. 0.70 1
0.65 4
dllog(j
[log(i)] ~9. RT (11) - 0801
Mog(Cop)] T TOon T 055
Z 0.50 4
oE _ [2.30RT\,(g, RT w
gl = /F+W (12) 0.45
aflog(j)] OH 00 ] Slope = 120 mVidecade
The value ofRT/r has been estimated at roughly 0.5 for OH 0.35 1
adsorption on Pt(111) terraces in NaOH soluti&hshis 06 1 3 4 & 10 20 2060 100 200
relatively weak repulsion explains why the Tafel slope for CO ' § (o)

oxidation by OH on terraces (73 mV per decade) is relatively o )
close to the theoretical value of 60 mV per decade, which Figure 14. Bulk CO oxidation on well-ordered Pt(111) in 0.1 M
assumes that OH coverage can be described by the Nerns a(.)H._ Black circles: experimental data collected at 2 mV/s. Red
. - ine: simulated data calculated from egs 7 and 15 (see the text for the
equation and that the reaction rate constant does not depend Oljegaiis of the calculation).
the coverage; i.e., site saturation and adsorbatisorbate
interactions are negligible. The much higher Tafel slope during
CO oxidation in the prepeak indicates a larger role of adsorbate
adsorbate repulsions, which could result from OH adsorption
on defects rather than on terraces. In particular, the electronic
perturbations caused by the stronger megalsorbate bonds at
defects should lead to stronger through-metal repulsions. Also,
we note that other metal surfaces in alkaline media have been
reported to have values dRT/r of less than 0.1 for OH
adsorptiorP*55 As a first approximation, the terrRT/(rfon)
can be neglected, so that eqs 11 and 12 can be rewritten as

14 represents a simulated CO bulk oxidation experimégs (

= 0.75, Coy = 0.1 M) in which the currentpotential
relationship was calculated from eq 15, wiib calculated from

eq 7 using the NewtonRaphson method. The values of the
parameters are as follows = 1 uAlcm?, K = 1.3 x 10°®
L/mol, r = 50 kJ/mol,g = 24 kJ/mol. Comparison with
experimental data (black circles in Figure 14) demonstrates that
the proposed model can fit the data well with reasonable values
of the parameter®:5> Thus, the rate-limiting step during CO
oxidation in the prepeak region is concluded to be arHL

alog(i)] 9 reaction involving Frumkin adsorption of OH at defect sites. It
—— =2 (13) should be noted that a similar mechanism was previously
dflog(Co)] 1 proposed by Tripkovic et al. to describe methanol oxidation on
9E ; Pt(111) in alkaline electrolyte®, where the Tafel slope and
— = 60- (14) dependence on OHconcentration (120 mV per decade and
dflog(h)] g 0.55, respectively) were found to be very close to the values

Assuming that OHOH repulsions are the primary cause of reported in this work for CO oxidation.

the OH-coverage-dependent perturbations in the free energy of 3.2.3. Effect of the Adsorption Emonment. The local
. ge-dep P I 9Y Olanvironment at the Pt(111) surface during CO adsorption
reaction for eq 1 (i.e., they are more significant than-G¢D

and OH-COOH interactions), the parametecan be taken as influences the subsequent CO stripping voltammogram. Adsorp-

. : . tion of CO in 0.1 M HSQ,, followed by rinsing with Ar/CO-
approximating the dependence of the free energy of reaction saturated water and transfer to 0.1 M NaOH under an Ar blanket
on the coverage of OH. With this approximation, the quantity : '

e X . duces a CO stripping voltammogram in which the prepeak
r reduces to the transfer coefficient, which typically has a prod . .
\%Iue close 0 0.5. Therefore subst[i]g'utin thigSalug¥Dinto is shifted to higher potential, to the extent that most of the CO
eqs 13 and 14 y.ie.lds an expécted reactign order inm OLD.5 that would typically be oxidized in the prepeak is now oxidized
and an expected Tafel slope of 120 mV per decade iﬁ goodin the main peak (dashed trace in Figure 9). We have observed
- ) . the same effect when performing the adsorption in 0.1 M HCIO
agreement with the experimentally measured reaction order ofin 0.05 mM HCIQ, and in the gas phase on a dry Pt(111)
8%421:;1?”;'-;2?@05;?; 1%%313\/ Pnertﬂica;bed\gf ?nua:;(:i: nflj_?:seésurface that was subsequently immersed in 0.1 M NaOH.
assumptions can be tested by using the Frumkin isothe.rm in itSRepeatedly oxidizing and re-forming a portion of the CO adlayer

exact form (eq 7). Replacing the approximate Frumkin isotherm in a CO-saturated 0.1 M NaOH solution also produces the same
) \eq 7). Rep g (€ app effect. Notably, a similar shift of the prepeak to more positive
in eq 10 with the exact form yields

potential occurs on lightly disordered Pt(111) surfaces, highly
_ _ disordered Pt(111) surfaces, Pt(10 10 9) surfaces, and Pt(111)/
KConr(1— 6 EF—r6
=k exp(g Con( on) [{ OH)) y

Ru surfaces when CO is adsorbed in 0.1 MSKBy. This
RT E?:— ) phenomenon is difficult to explain if the mechanism of CO
— 0oy oxidation in the prepeak isER, since for the ER mechanism
(KCOH-(l ~ Oon) ex;{ RT ))000 (19) the rate of CO oxidation at a given potential in 0.1 M NaOH
should depend only on the CO binding energy and the fraction
The derivation of eq 15 does not include any approximations of CO—OH™ collisions that occur with the proper geometry for
of the Frumkin isotherm or assumptions about the relative valuesreaction. Neither of these should vary with the adsorption media,
of the parameters. Although use of the exact form of the assuming that a similar CO adlayer is formed in each case,
Frumkin isotherm (eq 7) does not allow an analytical solution which seems probable on the basis of the similar CO adlayers
of Oon as a function of potential, and thus does not allow observed under a variety of electrochemical conditfRSnhen
analytical calculation of the Tafel slope, the predictions of eq only the case of well-ordered surfaces is examined, the role of
15 can still be compared with experimental observations to the CO adlayer domain size may seem significant. According
verify the applicability of the model. The red trace in Figure to Markovic et al3” smaller (2<2)-3CO domains are formed
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in alkaline solutions as compared with acid solutions (roughly 1000 T—

3 nm vs 14 nm). If similar domain size arguments also hold

true for the lower coverage adlayer structures that form after 8001 2

removal of CO from solutiofi then larger CO adlayer domains sod o

for adlayers formed in acidic solutions could be proposed as ~’g‘

the cause of the shift in the prepeak, since CO molecules 3 4007 20

adsorbed at domain boundaries and other defects in the CO = ]

adlayer would likely be more labile forER oxidation than 00 0z 04 06 08 10
CO molecules within well-ordered CO domains. Although such o4 F .

an argument could possibly be made for well-ordered Pt(111), |

the argument breaks down on the more heterogeneous disordered 'mw o2 o 08 08 0

and bimetallic surfaces, where the Pt(111) domains are similar
in size to the (%2)-3CO domains observed by Markovic et ) ) o
Figure 15. Effect of the adsorption environment on CO stripping in

al., leading to CO domains that should be similar in size 7" <0 "o fine: CO adsorbed at 0.10 V in 0.1 M$Q, Blue
regardless of the pH of the solution in which CO was adsorbed. line: CO adsorbed at 0.10 V in 0.1 M NaOH, followed by rinsing
Therefore, the observation of a shift in the prepeak as a resultyith co-saturated water and transfer to 0.1 MSE, under an Ar
of changes in the local environment during CO adsorption can blanket. Black line: background CV collected after stripping of CO
be considered as more evidence against afR Enechanism adsorbed in 0.1 M NaOH.

for CO oxidation in the prepeak. Such a shift can be readily . o

explained by the availability of defects for adsorption of OH, readsorption at defect sites is apparently not fast enough to keep
the oxidant in the E-H mechanism. In alkaline solutions, some (hese defects from being covered by CO. Once covered, OH
OH, or precursor to OH (water), is adsorbed even at low cannot reaqlsorb until the blocking CQ is removed. Thus, the

potentials, and this species cannot be completely removed fromesults obtained by varying the adsorption procedure to suppress

the defect sites by CO adsorption. This explanation is consistent]'fhe prehpeak, incltl]Jding adso(;ption in ac_idi(c;:soolutions, a(;jsolrkptlip n
with the observation of a high initial current during potentiostatic rom_t € gas phase, or a sorp_tlon n -satu_ra_te alkaline
CO oxidation in the prepeak region. Therefore, the CO adlayer solutions in which the prepeak is repeatedly o>§|d|zed, are in
formed in alkaline solutions is already primed for oxidation by better agreement with the proposed#l mechanism of CO

this low coverage of OH adsorbed at defects. Adlayers formed ox;:datt|r(])n tha_g the EfR {Eecha}ntlsm. ¢ tive OH OH
in acidic solutions lack this OH species at defect sites. In acid, urther evidence for the existence orreactive (or an

such a suppression of adsorbed OH could be reasonably assigneerecursor) adsorbed at defects on a CO-saturated Pt(111) surface

to competition with other specifically adsorbing anions, present 3;[)Itlgrvnvmpo()tregrﬂzlscéﬂe?tlgglIizeag:j?gISOIE(t)iE)nrfs ;}[(;mc ét;%ﬁ);ngr
either as the conjugate base of the acid electrolyte (e.g.,HSO 9 " ! L y

. X . ’ that was formed in 0.1 M NaOH. Voltammetric oxidation of a
in H2SQy solutions) or as a contaminant (€.g., ®h HCIOx CO adlayer formed in an alkaline solution produces a prepeak
solution§®). For CO adlayers formed in the gas phase, exclusion Y P prep

of water from the surface would be expected to cause the that is much larger, and shifted to lower potential, than the
. . o€ exp ST prepeak in a similar stripping voltammogram for CO adsorbed
suppression of OH adsorption. This interpretation is in agree-

ment with the observation that, for CO/D adlayers formed in acid (Figure 15). The oxidation of CO in the prepeak for the

. . . typical case, in which CO is adsorbed and oxidized in acidic
ina UHVE) 'gze OTder of adsorption affects the resulting adlayer media, is known to occur because of the weak CO adsorption
§tructu_re‘§ ~“While Pt(111)-D;0 surfaces exposed to CO form at the highest coverages, resulting in a more reactive adsorbed
intermixed CO/DO adlayers, P(111)CO-saturated adlayers o species which is oxidized by OH at defect sfeSince
egposbe oi t? BO dp ntot Qcc:jrporba_lte anyth) |ntf(1t§hec:|rc1)ne(;:nost this weakly adsorbed CO desorbs continuously after the removal
gfsor ate ?]ye['“T\j ca d'a sr?rdlng?)n or;f)o 3 adlayer.  of co from solution, the size of the prepeak decreases with
course, the / studies had to be performed at temperaturgsmcreasmg Ar purge time. The prepeak shown in the dotted trace
of around 150 K, since water desorbs at higher temperatures in; | Figure 15 is typical for CO adsorption followed by a2
a UHV environment. At room temperature, which was used in

e ) min Ar purge, while for a 10 min Ar purge the prepeak
the present study, the ability of CO to effectively exclude water completely disappears. When the CO is adsorbed in alkaline
from the innermost adsorbate layer is debatable. However, CO

_ ) . ) media and transferred to acid, the unusually large prepeak shows
adlayers formed in the gas phase in this study had a higher

) ""™“'a much weaker dependence on time than when the CO is
coverage (about 0.65 ML) than those formed in the UHV studies 44sorped in acid, remaining quite large even after 10 min of

(about 0.5 ML) due to a higher CO partial pressure of about 10 gynosure to CO-free solution. This behavior suggests that a
Torr during adlayer formatiof? Since the ability of CO to weakened PtCO bond strength is not the only factor giving
exclude water from the innermost adsorbate layer increases Withise to the large prepeak at low potential when CO is adsorbed
the CO coverag % water could likely be excluded even at i, gikaline media. Rather, we propose that a highly reactive
room temperature with the high CO coverage employed in the o species formed at defects in the case of alkaline-adsorbed
present study. The exclu§|on of water from the metal §urf§qe CO is responsible for the large prepeak at unusually low
would prevent the formation of adsorbed OH, and thus inhibit potential. After oxidation of the prepeak, the remaining CO is
L—H CO oxidation. In contrast, £R CO oxidation should not  xjdized in a peak that is sharper and at lower potential than
be significantly affected_ by the formation of such an adlayer, normal for a well-ordered Pt(111) surface. The change in the
so the results are again in better agreement with théilL  main peak morphology for the CO adlayer formed in alkaline
mechanism. solution is due to the lower CO coverage remaining after
As described above, repeatedly oxidizing and readsorbing aoxidation of the unusually large prepeak. We note that a similar
fraction of the CO adlayer in CO-saturated 0.1 M NaOH solution peak position and morphology is known to result in some cases
can also suppress the prepeak. In this case, the OH at defecfrom a high surface defect densftybut in the present case,
sites is consumed by reaction with CO, and the rate of OH the existence of extensive, well-ordered Pt(111) domains (as

E (V, RHE)
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indicated by the large “butterfly” peak) rules out a significant OH precursor (HO), is present at defects even at low potentials
role of surface defects in causing the observed peak shift. ~ when CO is adsorbed in alkaline solutions, giving rise to a large
Having concluded that CO oxidation on Pt(111) in alkaline prepeak when CO is subsequently oxidized in 0.1 M NaOH or
media occurs through an-tH mechanism, it is interesting to 0.1 M H,SOy. In contrast, adsorption of CO in acidic solutions
note that the simultaneous presence of adsorbed CO and OH ir in the gas phase prevents formation of this OH species, so
not sufficient to cause CO oxidation to occur, as illustrated in that the prepeak is much smaller and shifted to higher potential
Figure 8. In the dashed trace of Figure 8, 0.17 ML of CO is when CO is subsequently oxidized in 0.1 M NaOH or 0.1 M
present on the surface, yet the adsorption of OH at small islandsH,SO.
occurs at 0.54 V without any significant oxidation of CO. For A good understanding of the CO oxidation mechanism on Pt
CO coverage lower than 0.20 ML, the CO oxidation reaction surfaces is required for the rational design of electrocatalysts
does not occur unless OH is adsorbed on terraces; there is ndor fuel cells. The identification of a LangmuitHinshelwood
prepeak. At the highest CO coverage, CO can be oxidized atmechanism for CO oxidation in both the prepeak and main peak
potentials as low as 0.25 V by OH adsorbed at defects. As theregions in alkaline solutions is thus a significant step in the
CO coverage decreases, the-BO bond strength increases development of alkaline fuel cells. The inability of CO to react
dramatically®>66 such that CO is no longer able to react with with defect-bound OH at low CO coverage has significant
OH adsorbed at defects. In contrast, OH adsorbed on terracesmplications for methanol oxidation in alkaline media, since even
is more weakly bound than OH on defects, and thus is able to a low CO coverage can completely inhibit methanol oxidation.
react with CO even at very low CO coverage. The important Therefore, future studies of CO oxidation in alkaline media
conclusion is that simply providing adsorbed CO and OH is should consider the role of CO and OH adsorption strength,
not enough for reaction to occur; the strength of adsorption is since the results presented here show that the defect-bound OH

also a significant factor in determining reactivity. species present at low potentials on lightly disordered Pt(111)
. surfaces is too strongly adsorbed to react with CO at low CO
4. Summary and Conclusions coverage

On well-ordered Pt(111) surfaces, the unavoidable presence
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