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The Role of Surface Defects in CO Oxidation, Methanol
Oxidation, and Oxygen Reduction on Pt(111)
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Some surface reactions of interest to electrocatalysis in alkaline media are promoted by crystalline defects, while others occur
preferentially on defect-free terraces. Different forms of structure sensitivity, and the underlying causes of this structure sensitivity,
have been examined using several fuel-cell-relevant surface reactions in alkaline media as model reactions. Oxidation of CO
serves as a model for defect favored reactions, while reduction of oxygen serves as a model for terrace favored reactions. More
complicated reactions, such as methanol oxidation, can be interpreted as containing multiple steps that are either defect favored or
terrace favored. The role of defects in each of these reactions was interpreted in terms of geometric and electronic effects, with
different types of defects (kink type and step type) showing different effects for the different electrocatalytic processes. CO
oxidation is promoted by both step-type and kink-type defects, as a result of electronic structure, but methanol dehydrogenation is
promoted only by step-type defects, as a result of geometric structure.
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Surface atoms with low coordination numbers, such as those at
crystalline defects, possess enhanced activity for some catalytic re-
actions, as recognized originally by Taylor.1 In experiments, as well
as in theoretical modeling, the role of defects is often investigated
through the use of stepped or otherwise defective monocrystalline
surfaces.” ! Many surface reactions show a maximum in reactivity
at an intermediate value of the step density. At low step density the
steps may be too sparse to have a significant effect on reactivity,
although in the case of rapid surface diffusion even a low defect
density may be significant. At high step density, some reactions may
be inhibited because they require an ensemble of surface sites larger
than the terrace width. These effects have complicated efforts to
determine the exact role of defects in catalytic processes.

The two main reasons for different activity at defects than at
terraces are the modified geometric structure and the modified elec-
tronic structure at defects. The geometric structure at defects is sig-
nificant because many reactions occur preferentially on specific
atomic ensembles.'>"> The modified electronic structure is signifi-
cant because of the resulting effect on adsorption energies of reac-
tants, products, and spectator species, as well as the effect on acti-
vation barriers."*

In order to evaluate defects as active sites in catalytic processes,
we have prepared well-ordered Pt(111) surfaces, well-ordered
Pt(10 10 9) surfaces, and lightly disordered Pt(111) surfaces with
known distribution of defects accounting for =1% of the total sur-
face sites. We tested the catalytic activity of these surfaces in several
reactions that are relevant to fuel cells. Based on these studies, we
present an interpretation in which each reaction can be classified as
either defect favored or terrace favored. Finally, we show how these
classifications can be applied to complicated reaction mechanisms
containing multiple series or parallel steps. A good understanding of
the effects of surface structure on reactivity is paramount in the
design of highly active catalytic surfaces, as well as in the optimi-
zation of existing catalysts. The results reported here are important
for the understanding of catalytic processes in general, as well as for
the understanding of the specific fuel cell electrocatalytic reactions
investigated herein.
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Experimental

All electrochemical experiments were performed with a 3 mm
cylindrical Pt(111) electrode or a 2 mm cylindrical Pt(10 10 9)
electrode. Materials used were: Ar, H,, and CO (SJ Smith), H,SO,
(GFS), NaOH (Merck), and AgNO; (Aldrich). Electrochemical
measurements were performed in a two-compartment cell with a Pt
wire counter electrode. The reference electrode, a Ag/AgCl elec-
trode (BAS), was immersed in 0.1 M H,SO,4. The liquid-liquid
junction between H,SO, and NaOH solutions occurred in the Lug-
gin capillary connecting the reference compartment to the main
compartment of the cell. The electrode was calibrated several times
in situ vs a reversible hydrogen electrode (RHE) in the main cell
compartment, thus correcting for the junction potential. The poten-
tial difference was always stable during extended tests. Using this
procedure, the OH desorption peak on Pt(111) was found to occur at
precisely 0.763 V vs RHE. This feature was used as an internal
reference to compensate for any possible drifts in the reference po-
tential during the measurements. All potentials are quoted vs RHE.
An Autolab PGSTAT 30 potentiostat was used for all electrochemi-
cal measurements.

Full details of the experimental procedure are given elsewhere.'
Briefly, the clean electrode was annealed in a H, flame and cooled in
H, + Ar, then covered with a drop of water for transfer to the elec-
trochemical cell. After potential cycling in 0.1 M H,SO,, the elec-
trode was rinsed with Ar-purged water and the solution was replaced
with Ar-purged 0.1 M NaOH, all under a continuous Ar blanket.
Adsorption of CO was performed at 0.10 V by introducing a stream
of CO into the Ar blanketing gas while the electrode was maintained
in meniscus configuration. Ar-purged methanol was added to the
solution using a glass and polytetrafluoroethylene (PTFE) syringe
through a PTFE needle inserted into the cell from the top. After
methanol oxidation, the CO coverage was measured by voltammetry
in methanol-free solution. The solution exchange was performed by
introducing a small amount of H, gas into the Ar blanketing stream,
draining the solution, rinsing the cell and the electrode with
methanol-free 0.1 M NaOH, eliminating the H, stream, and im-
mersing the electrode in fresh solution.

Scanning tunneling microscopy (STM) was performed in situ in
0.1 M NaOH solution using a Molecular Imaging Pico STM. A
1 cm cylindrical Pt(111) crystal was used for STM. The crystal was
annealed in a H, flame, cooled in Ar + H,, and protected by adsorp-
tion of iodine from 1 mM KI solution for transfer to the STM cell.
After the transfer, the adsorbed iodine was removed by holding the
potential at approximately 0.1 V while rinsing with 0.1 M NaOH.
Imaging was performed in constant current mode with a tunneling
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Figure 1. 40 X 40 nm in situ STM images of Pt(111) in 0.1 M NaOH. (A)
Freshly annealed Pt(111) surface at 0.1 V. (B) Same surface at 0.1 V after
holding at 1.25 V for 10 s. Circles mark islands formed by the potential step.
Tip potential=0.9 V.

current of 1-2 nA. Electrochemically etched Pt-Ir tips, coated with
paraffin wax, were used for the STM measurements, and a Ag/AgCl
electrode was used as the reference electrode.

Results and Discussion

The roles of defects in catalytic reactions can be probed by in-
troducing a small defect density on an otherwise well-ordered
monocrystalline surface. In this study two kinds of defects were
examined: (110) steps, present on a Pt(10 10 9) surface, and Pt is-
lands, which were produced by lightly disordering a Pt(111) surface.
A small number of islands are present even on a freshly annealed
Pt(111) surface (Fig. 1A), but stepping the potential to 1.25 V for
10 s greatly increases the island density (Fig. 1B). The circles in
Fig. 1B mark islands that appeared following the potential step,
while the unmarked islands were already present before the potential
step. All of the islands produced by the disordering treatment are
monatomic in height and under 2 nm in diameter, while 90% of
these islands are 1 nm in diameter or less. These small islands have
predominantly kink-type adsorption features, unlike the step-type
features present on larger Pt islands.

At low density, defects do not interfere with processes occurring
on terraces, but act as active sites for certain catalytic processes. On
surfaces with a low defect density, simple catalytic reactions can be
divided into two categories: reactions that occur preferentially at
defects, and reactions that occur preferentially on terraces. Defect-
favored reactions can be further categorized by the types of defects
that promote them. This categorization is illustrated for several re-
actions in Table I.

Defect-favored reactions.— Reactions may occur preferentially
at defects because of geometric effects, electronic effects, or both.
The role of electronic structure will be considered first. The position
of the d band center has been shown to be Particularly important in
determining metal-adsorbate bond strength. ® The strong interaction
of adsorbate states with the metal d band causes splitting into bond-
ing and antibonding states. At defect sites, such as the small Pt
islands of Fig. 1B, the decreased coordination number of the metal
atoms causes narrowing of the d band, and a resultant upshift of the
d band center. The upshift in the adsorbate-metal d states causes an

Table I. Favored sites for reactions on Pt(111) in alkaline media.

Favored site

Terrace Kink Step
CO oxidation (8o > 0.20 ML) v v
CO oxidation (8o < 0.20 ML) v
Oxygen reduction v
Methanol dehydrogenation v

increasing proportion of the antibonding states to move above the
Fermi level, leading to stronger metal-adsorbate bonding, and hence
higher adsorbate coverage, at defect sites. Reactions limited by low
coverage of one of the reactant species can be accelerated by the
increased reactant coverage on defect-rich surfaces. The CO oxida-
tion reaction on Pt(111) may be considered as a model of this type
of reaction. Oxidation of CO on Pt(111) in alkaline solutions has
been shown to proceed through a Langmuir-Hinshelwood (L-H)
mechanism." The rate-limiting step in this reaction is a chemical
step (Eq. 1)

COad + OHad — COOHad [1]
COOH, is rapidly removed through Eq. 2
COOHad + OHad — C02 + Hzo [2]

Equation 2 is followed by conversion of CO, in solution to CO27, s0
the overall CO oxidation reaction can be written as Eq. 3

COy + 4 OH™ — CO3™ + 2H,0 + 2¢” [3]

At high CO coverage, the rate of Eq. 1 is controlled by the coverage
of OH. In the low potential region of interest for fuel cell applica-
tions, OH adsorption on Pt(111) terraces is negligible, so CO oxi-
dation is limited to defect sites. Increasing the defect density by
lightly disordering a Pt(111) surface, which produces a surface like
the one depicted in Fig. 1B, substantially enhances CO oxidation at
low potential (Fig. 2A). Surfaces such as that shown in Fig. 1B are
stable even upon transfer to sulfuric acid solutions, similarly result-
ing in enhanced CO oxidation in this acidic environment.”® The
defects produced in the disordering process, which have adsorption
properties similar to those of kink sites, ' act as adsorption sites for
OH, with the higher OH coverage leading to accelerated CO oxida-
tion. The 150% acceleration of CO oxidation in alkaline media at a
defect density around 1% (defect density determined from the ad-
sorption feature at 0.49 V in the cyclic voltammogram in Fig. 2B)
attests to the prominent role of defects in CO oxidation, as well as to
the rapid diffusion of CO across terraces to defect sites.!”!® Indeed,
the enhancement due to defects is much larger than that indicated by
Fig. 2A, since the reactivity of the well-ordered Pt(111) surface is
controlled by the native defect density. Even the very low level of
defects on the well-ordered surface, caused by crystal miscut and
imperfections in the annealing/cooling/transfer process, is still
enough to dominate the activity for CO oxidation at low potential.
This conclusion is supported by the poor reproducibility of the CO
oxidation prepeak and the sensitivity of this feature to adsorption
processes that block surface defects. ~ For instance, defect blockage
by Ag leads to a major suppression in the CO oxidation activity at
low potential. Pt(111)/Ag surfaces were prepared by Ag elec-
trodeposition on the Pt(111) surface by cyclic voltammetry between
0.05 and 0.85 V in a 1 pM AgNO; + 0.1 M NaOH solution. After
formation of a partial Ag monolayer, the electrode was transferred to
0.1 M H,SO,4 under an Ar blanket and cycled between 0.05 and
0.85 V until the Ag coverage had decreased to 0.10 ML (as deter-
mined by suppression of H adsorptionlg), then transferred back to
0.1 M NaOH for CO oxidation. The resulting partial Ag monolayer
selectively blocks defects,”’ preventing OH adsorption on these
sites, but it does not strongly affect adsorption processes occurring
on terraces (Fig. 2B). Oxidation of CO on this Pt(111)/Ag surface
occurs at a rate ~25 times lower than the rate on Ag-free Pt(111), as
shown in Fig. 2A. This observation may be taken as further confir-
mation that CO oxidation at low potentials on Pt(111) is limited to
defect sites.

Step-type defects also enhance CO oxidation on Pt(111), but
with some mechanistic differences from kink-type defects. As
shown in Fig. 2A, potentiostatic oxidation of adsorbed CO on a
Pt(10 10 9) surface produces an initial current that is not signifi-
cantly different from that of a well-ordered Pt(111) surface. At
longer times, a peak develops in the current transient, signaling
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Figure 2. (A) Potentiostatic oxidation of a saturated CO adlayer (0.69 ML)
at 0.55 V in 0.1 M NaOH. (B) Background cyclic voltammograms for each
of the surfaces in (A). Solid line: well-ordered Pt(111); dotted line: Pt(111)
lightly disordered by holding at 1.25 V for 10 s; dashed line: Pt(10 10 9);
dot-dash line: Pt(111)/Ag (0.10 ML Ag).

competitive adsorption of CO and OH. Thus, (110) steps enhance
CO oxidation, but only once CO has been removed from them so
that OH can adsorb. In contrast, potentiostatic oxidation of CO on a
lightly disordered Pt(111) surface with kink-type defects produces a
monotonically decaying current transient, indicating that CO and
OH do not compete for adsorption sites under these conditions. In-
deed, we previously found that CO and OH only compete for ad-
sorption at kink-type defects at the highest CO coverage.15 Attain-
ment of this CO coverage only occurs when CO is dissolved in
solution.

Although the results reported here are in agreement with studies
of CO oxidation in acidic media, which have found a correlation
between defect density and CO oxidation rate, they are in disagree-
ment with analyses by other workers, which have shown a negli-
gible correlation between defect density and rates of various cata-
Iytic reactions.”” The reported inability of defects to promote
reactivity was attributed to local relaxation at defects, which would
mitigate the perturbations in coordination number and electronic
structure. Despite these arguments, ample evidence exists for stron-
ger adsorption at defect sites,'***? and in the case of OH adsorp-
tion this leads to enhanced CO oxidation kinetics on a variety of
defective metal surfaces.'>!%3%-

Although CO oxidation on Pt(111) in alkaline media has been
shown to serve as a model of a defect-favored reaction at high CO
coverage, the situation changes considerably at CO coverage lower

100 N

jIuAcm?

tls

Figure 3. Oxidation of 0.1 M methanol at 0.45 V on an initially CO-free
surface in 0.1 M NaOH. Solid lines: well-ordered Pt(111); dotted lines:
lightly disordered Pt(111); dashed lines: Pt(10 10 9). Lines represent upper
and lower bounds of 95% confidence intervals. The arrow indicates the point
at which 6o = 0.20 ML on well-ordered Pt(111).

than 0.20 ML. In this case a shift in mechanism occurs, causing CO
oxidation to become a terrace-favored reaction, as discussed in the
next section of this paper.

In contrast to CO oxidation, which is defect favored because of
electronic structure effects, the results presented here indicate that
methanol dehydrogenation to CO on Pt(111) in alkaline solutions
serves as an example of a reaction that is defect favored because of
geometric structure effects. Since in alkaline media CO oxidation
does not occur at low potential when the CO coverage is lower than
0.20 ML," the initial current during potentiostatic methanol oxida-
tion corresponds only to methanol dehydrogenation. As reported
carlier,”>** Pt(111) has by far the lowest activity of the three basal
Pt surfaces for methanol dehydrogenation. Therefore, adding defects
with (110) orientation, such as the steps on a Pt(10 10 9) surface,
provides favorably oriented Pt ensembles, greatly accelerating
methanol dehydrogenation (dashed traces in Fig. 3). The effect of
different types of defects on this reaction is particularly notable.
While (110) steps have favorable geometry for methanol dehydro-
genation, very small Pt islands (diameter ~ 1 nm), which are char-
acterized by kink-type adsorption sites, ~ have no significant effect
on methanol dehydrogenation (dotted traces in Fig. 3). Since elec-
tronic structure perturbations at step-type and kink-type defects are
similar in nature, both occurring as a result of decreased coordina-
tion number, this observation may be taken as further evidence that
enhanced methanol dehydrogenation at (110) steps is caused by geo-
metric effects.

Terrace-favored reactions.— Reactions that are hindered by ex-
cessively strong adsorption of a reactant, intermediate, product, or
spectator species should not be accelerated by defects (as long as
defects do not provide significantly more favorable geometry), since
the defects serve to strengthen the adsorption. In the case of a spec-
tator species, stronger adsorption leads to a higher coverage of the
spectator species and a more complete site blockage. In the case of
a reactant, stronger adsorption increases the activation barrier for
reaction. In the case of an intermediate or a product, the reaction
will be inhibited by slow removal of the strongly bound species. In
each of these cases, defects will be deactivated. Therefore, this type
of reaction occurs preferentially on terraces. The oxygen reduction
reaction (ORR) on Pt(111) can be taken as a model of such a reac-
tion. The ORR on Pt(111) is limited by strong adsorption of OH and
O, decreasing the number of sites available for the ORR.® The
notable hysteresis in Fig. 4, due to irreversible OH and O adsorption
at high potentials, attests to the inhibiting effect of strongly adsorbed
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Figure 4. Cyclic voltammetry at 2 mV/s in O,-saturated 0.1 M NaOH.
Solid line: well-ordered Pt(111); dotted line: Pt(111) lightly disordered by
holding at 1.25 V for 10 s to produce kink-type defects, followed by reduc-
tion at 0.10 V; dashed line: Pt(111) highly disordered by holding at 1.40 V
for 10 s to produce step-type defects, followed by reduction at 0.10 V. The
similarity of the traces demonstrates that defects do not play a significant role
in O, reduction.

O/OH.*® Since these species adsorb more strongly on defects than
on terraces, defects are mostly blocked in the potential range of
interest for the ORR. Still, some Pt(111) terrace sites remain avail-
able for reaction, and since defects on surfaces such as the one
shown in Fig. 1B account for only ~ 1% of surface sites, the activity
of Pt(111) for the ORR does not change significantly with increas-
ing defect density. Therefore, it may be concluded that the activity
of defect sites for the ORR 1is no greater than that of terrace sites,
and indeed, since the higher local d band center at defects causes
them to be mostly blocked by adsorbed OH and O, they are prob-
ably less active than terrace sites. This interpretation is also in agree-
ment with a study of the ORR on Pt(111) vicinal surfaces in HCIO,
solutions, which found a negligible correlation between activity and
density of (111) steps as long as the terrace width was at least 9
atoms.” In contrast, a recent study of the Pt(111) surfaces with
(100) steps revealed an enhancement in ORR activity with increas-
ing step density in HC104,38 suggesting that different types of de-
fects may have different effects on ORR activity, although both
types of defects investigated here (step type and kink type) were
found to provide no ORR enhancement. As noted above, the low
activity of defect sites for the ORR reported in this work most likely
results from the higher d band center at defect sites. This interpre-
tation is supported by observations of the ORR activity of Pt alloy
catalysts. The lowering of the d band center caused by alloying Pt
with other transition metals has been shown to increase ORR kinet-
ics on Pt in acids, with smooth surfaces showing faster ORR rates
than rough ones.”

Under some conditions, the CO oxidation reaction is also a
terrace-favored reaction. Although CO oxidation on Pt(111) in alka-
line solutions is a defect-favored reaction at CO coverage higher
than 0.20 ML, at lower CO coverage the reaction mechanism under-
goes a dramatic change, becoming a terrace-favored reaction similar
to the ORR. The cause of this change lies in the coverage-dependent
adsorption strength of CO. At high CO coverage, CO is relatively
weakly adsorbed,*** and can react with OH strongly adsorbed at
defects. As the CO coverage decreases below 0.20 ML, CO becomes
more strongly adsorbed, to the extent that it is no longer able to react
with defect-bound OH, instead requiring more weakly bound OH on
terraces. Thus, at low CO coverage, defects are blocked by strongly
adsorbed and unreactive OH. Under these conditions, the rate of CO
oxidation is no longer sensitive to the defect density (Fig. 5).

80
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Figure 5. Oxidation of 0.06 ML of CO on Pt(111) surfaces. Inset shows CO
stripping voltammograms superimposed on background voltammograms; the
main figure shows CO stripping current with current from background vol-
tammogram subtracted. Solid line: well-ordered Pt(111); dotted line: Pt(111)
lightly disordered by holding at 1.25 V for 10 s.

Complex surface reactions: Mixed terrace-favored and defect-
favored steps.— The CO oxidation and O, reduction reactions dis-
cussed above may be considered as model reactions, representing
patterns of structure sensitivity mirrored by other simple reactions.
More complicated reactions do not necessarily conform to these
simple categories, but can be considered as comprising multiple
steps, in series or in parallel, that do conform to the defect-favored
and terrace-favored reaction categories. The methanol oxidation re-
action on Pt(111) in alkaline solutions is an example of such a
reaction. The primary methanol oxidation pathway at potentials be-
low 0.55 V involves methanol dehydrogenation through a series of
C-H and O-H scission reactions, resulting in an adsorbed CO
intermediate

CH;0H + 4 OH™ — CO,y + 4H,0 + 4e” [4]

Subsequent CO oxidation, which occurs as described by Eq. 1 and 2,
is negligible as long as the CO coverage is below 0.20 ML. Starting
with a clean Pt(111) surface in 0.1 M NaOH + 0.1 M CH;0H so-
lution, approximately 40 s at 0.45 V is required to form 0.20 ML of
CO." Therefore, at times shorter than 40 s, Eq. 4 is the primary
reaction. On this time scale, increasing the density of small Pt is-
lands with kink-type adsorption sites (accomplished by lightly dis-
ordering the Pt(111) surface) has a negligible effect on the methanol
dehydrogenation current (Fig. 3). This result demonstrates that
methanol dehydrogenation on well-ordered and lightly disordered
Pt(111) occurs primarily on terrace sites. Of course, we cannot com-
pletely exclude the participation of defect sites in the reaction, since
at the low defect density of these surfaces (~1% or lower) the
defects would have to be significantly more active than the terraces
in order for an effect on the activity for methanol dehydrogenation
to be observable. Still, at this defect density, kink-type defects do
not contribute significantly to the overall activity of the surface.

In contrast to the results at short times, after 40 s of methanol
oxidation at 0.45 V, the rate of methanol oxidation begins to show a
marked dependence on the density of small Pt islands (Fig. 3). On
this time scale, the CO coverage becomes higher than 0.20 ML, and
CO oxidation starts to be significant, becoming the limiting factor as
the CO coverage approaches the steady state value of about 0.28 ML
on well-ordered Pt(11 1).42 As discussed earlier, the need for defect
sites in order to oxidize CO at low potentials causes the rate of CO
oxidation to be sensitive to the defect density. Since methanol de-
hydrogenation is severely inhibited by increasing CO coverage, the
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rate of methanol oxidation also becomes sensitive to the defect den-
sity at times longer than 40 s, as depicted in Fig. 3.

The discussion above demonstrates that methanol oxidation at
low potential on well-ordered and lightly disordered Pt(111) in al-
kaline solutions, which consists of more than six elementary steps,
can, as an approximation, be divided into a series of two steps, Eq.
4 followed by Eq. 3. The overall methanol oxidation reaction on
these surfaces is therefore a series reaction in which the first step,
methanol dehydrogenation, occurs on terraces, while the second
step, CO oxidation, occurs at defects. The situation is somewhat
different on Pt(10 10 9). On this surface, (110) steps promote
methanol dehydrogenation. Thus, on vicinal Pt(111) surfaces,
methanol oxidation can be considered as a series reaction in which
both steps are defect favored.

Conclusion

Many catalytic processes occurring on well-defined surfaces can
be categorized as either defect favored or terrace favored. Defects
may influence reactivity through geometric effects, related to the
presence of specific ensembles of surface atoms in favorable posi-
tions for catalytic promotion, or through electronic effects, related to
the ability of alterations in electronic structure at defects to affect
adsorbate coverage and to stabilize activated states. Reactions in
which electronic effects are more significant than geometric effects
will tend to be defect favored if they are limited by insufficient
adsorption of a reactive species, or terrace-favored if they are lim-
ited by excessively strong adsorption, whether of a reactive species
or a spectator species.

Oxidation of CO at high coverage and low potential on Pt(111)
in alkaline media serves as a model of a defect-favored reaction, in
which the role of defects is to stabilize adsorbed OH at lower po-
tential than on terraces. Reduction of oxygen on Pt(111) in alkaline
media serves as a model of a terrace-favored reaction, in which
defects are deactivated by strong localized adsorption of OH/O,
leaving terrace sites as the active sites. Several other reactions oc-
curring on Pt(111) in alkaline solutions, including CO oxidation at
low CO coverage and methanol dehydrogenation, also conform to
the defect-favored/terrace-favored categorization. The method of
analysis laid out above can be used to describe even more compli-
cated reactions such as the total methanol oxidation reaction on
Pt(111) in alkaline media. Our analysis demonstrates that this reac-
tion can be thought of as a series of two steps. The first step, metha-
nol dehydrogenation, is terrace favored on well-ordered and lightly
disordered Pt(111), but defect favored on vicinal Pt(111) surfaces
with (110) oriented steps. The second step, CO oxidation, is defect
favored on all Pt(111) surfaces.

Understanding the role of defects is necessary for the rational
design of heterogeneous catalysts that exploit surface structure to
increase activity. The analysis described herein is helpful in under-
standing limiting processes for all structure-sensitive catalytic pro-
cesses, as well as for the understanding of the specific fuel cell
catalysis reactions we have discussed.
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