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1 INTRODUCTION

The methanol oxidation reaction has been the subject of
a large number of studies in the past.""?! Early work
revealed a complex reaction mechanism,>~%! indicating
the electrocatalysis of methanol oxidation as the most
difficult task in the realization of a direct methanol fuel
cell (DMFC). Several metal catalysts were proposed for
the reaction, most of them based on modifications of Pt
with some other metal.l”~10!

For about 15years, research on the DMFC has been
receiving great attention (see Direct methanol fuel cells
(DMFC), Volume 1). Considerable effort has been devoted
to the technical realization of the methanol fuel cell and
a wealth of basic research has been directed to elucidate
the mechanistic aspects of methanol oxidation. In fact,
methanol and other small organic molecules have been
studied for more than 70 years, but a greater understand-
ing was achieved by the development of ex situ and in
situ spectroscopic and microscopic methods for application
in electrochemistry,l''~14 together with the use of well-
defined monocrystalline electrode surfaces.!!>]

This chapter presents a state-of-the-art review on the
electrocatalysis of methanol oxidation. Research on meth-
anol, as well as on the parent compounds formaldehyde and
formic acid, has been reviewed several times (see for exam-
ple, Refs. [16—18]). Therefore, this discussion is centered
on those aspects of the electrocatalysis of methanol oxida-
tion which are at present well established or which may
need further investigation. The purpose of this contribu-
tion is to present our current understanding of the methanol
system and provide a basis for future investigations. It

is with this objective in mind, that the references in this
chapter were selected. Nevertheless, as in any paper of this
kind, it is unavoidable that the criteria of the author prevail
and therefore, for thorough literature research, the reader is
directed to the excellent reviews in Refs. [16—18].

Thermodynamic data for methanol, carbon monoxide
and other small organic molecules are given in Table 1.[!!
Accordingly, their thermodynamic open circuit potentials
are of the same order as that of hydrogen and these
substances can be considered good candidates to operate
as anode material in a fuel cell. However, while hydrogen
oxidation occurs at relatively high rates near its reversible
potential, the oxidation of small organic molecules presents
serious kinetic limitations. As an example, in Figure 1, the
response of a Pt electrode to a constant current step of
5mA in a methanol-containing solution is compared with
that of hydrogen (1 bar) in the same base electrolyte (0.5M
H,SO,). Whilst at such high rates hydrogen oxidation
exhibits a small overpotential, for methanol oxidation the
potential is shifted to very high values (0.55 V) only a few
seconds after applying the potential step.

The results shown in Figure 1, illustrating the behav-
ior of pure Pt towards methanol oxidation, indicate that
this pure metal could never be a good catalyst for con-
tinuous fuel cell (FC) operation at room temperature or
even higher (e.g., 60°C). However, in spite of the prob-
lem of being strongly poisoned by adsorption products, no
better catalyst than Pt for breaking C—H and O-H bonds in
alcohol molecules is known at present. Therefore, methanol
electrooxidation at reasonable rates in acid media is only
conceivable on Pt-based catalysts. Research in electrocatal-
ysis using modified Pt electrodes has devoted considerable
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Table 1. Thermodynamic data on the oxidation of CO, methanol and related substances at 25 °C and 1 atm.tM

AH°
(kcal mol™")

Theoretical cell reaction

AS° AG° n
(calmol™!) (kcal mol™!)

E® (V)

H, + O, — H,0 (liq)
1
C+ 502 — CO

—68.14
—26.4

1
CO + EOZ — CO, —67.62

—173.8
—134,28
—64,66

3
CH;0H + 502 — CO, + 2H,0
CH,O + O, — CO, + H,0
1
HCOOH + 502 — CO, + H,0

—39.0
+21.4

—56.69 2 1.23
—32.81 2 0.71

—20.7 —61.45 2 1.33

—235
—32.1
+11.8

—166.8
—124.7
—68.2

=)
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1.35
1.48
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Figure 1. Potential as a function of time for a platinized Pt
electrode, at a constant current of 5SmA in solutions of 1.0M
CH;0H 4+ 0.5M H,;SO4 and 0.5M H,SO, saturated with H,
(1 bar). Room temperature. (Reproduced from Iwasita (1990)!'!)
with permission from VCH.)

effort to the study of oxidation of the (main) adsorbed
residue of methanol, carbon monoxide. Summarizing, an
important, although not unique aspect of the catalysis of
methanol oxidation is related to the catalysis of CO oxi-
dation. Therefore, methanol and CO oxidation reactions
are both discussed in this chapter. For practical reasons,
the chapter is divided into two sections, devoted to carbon
monoxide and methanol, respectively.

2 OXIDATION OF CARBON MONOXIDE

Carbon monoxide is one of the most studied species in
surface science. In electrochemical environments carbon
monoxide is often used as a probe molecule for vibra-
tional spectroscopy and scanning tunneling microscopy
(STM).I'%- 291 Sych studies permitted a link to be estab-
lished between the behavior of the metal in the gas
phase and in the electrochemical environment, thus aiding

the understanding of the physicochemical properties of
electrode surfaces and adsorbed species in the double layer.
The reader may find interesting contributions on this issue
in Refs. [21-23].

Although, as explained before, CO was found to be a
poisoning adsorbate during the oxidation of small organic
molecules,'?) in early studies CO itself was studied as a
candidate for driving an alkaline fuel cell.l!)

In this section, we describe some aspects of carbon
monoxide oxidation which are relevant for the electrocatal-
ysis of fuel cell reactions. At present, the main interest of
CO oxidation is centered on two practical problems involv-
ing the use of Pt-based catalysts: (i) the development of
CO-tolerant H, anodes for the H,/O, acid fuel cell (see
for example Ref. [24]) and (ii) the search for a catalyst for
methanol oxidation in acid media. In the first case, CO can
be present as a by-product in the gaseous H, produced
by reformation of hydrocarbons or alcohols. This prob-
lem is thoroughly discussed in New CO-tolerant catalyst
concepts, Volume 2. In the case of methanol, CO formed
during dissociative adsorption on pure Pt covers a consider-
able fraction of the electrode surface in a matter of seconds.
At potentials below 0.4 V, the reaction cannot progress due
to the inability of platinum to form OH for further oxidation
and the current falls to negligible values. For this reason
CO,4 was considered to be a catalyst “poison”, a term that
may have to be revised as discussed later in this chapter.

An interesting feature concerning CO electrooxidation on
Pt electrodes is that much higher overpotentials are required
for stripping a CO adlayer in pure supporting electrolyte
than for oxidizing CO molecules present in the bulk of
the solution. This result can be paralleled with the results
of gas phase experiments at Pt(100) showing that oxida-
tion of gaseous CO with adsorbed oxygen occurs with
a probability of one, while chemisorbed CO is virtually
unreactive.!?) (At first, it was proposed that the reaction
follows a Rideal-Eley mechanism, but since the reaction
continues to occur with probability one at very low CO
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pressure, when the collision probability between CO and
oxygen is much smaller, it was concluded that the reaction
occurs via a Langmuir—Hinshelwood mechanism, by form-
ing a (reactive) precursor state.[°l)

The remainder of Section 2 is divided into three sub-
sections: (1) oxidation of adsorbed CO at Pt electrodes;
(2) CO oxidation in the presence of dissolved CO; and
(3) effect of electronegative adatoms on CO oxidation.

2.1 Ocxidation of CO adlayers on pure platinum

The oxidative behavior of carbon monoxide at Pt is depen-
dent on several experimental parameters. Among others, the
adsorption potential, the degree of coverage and the pres-
ence of CO in the bulk of the electrolyte strongly affect the
rate of reaction.[?’—31]

In Figure 2 we show stripping voltammetry of saturated
CO adlayers formed on a Pt(111) electrode at (a) 0.37V
and (b) 0.05V.B! Experiments were performed in 0.1 M
HCIO,. After adsorption, CO was eliminated from the
solution by bubbling argon. There is a clear difference
in the onset potential of CO oxidation. Thus, for adsorp-
tion at 0.37V only one peak, at 0.74V, is observed. On
the other hand, for CO adsorption at 0.05V, in addi-
tion to the sharp peak by ca. 0.74V, a small pre-peak,
at around 0.5V is present. The presence of this feature,
which is only observed when the Pt surface becomes satu-
rated with CO at low adsorption potentials (below 0.3 V),
is well documented in the literature. The pre-peak was
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Figure 2. Stripping voltammetry of saturated CO adlayers in
0.1 M HCIOy solution. Adlayers formed on a Pt(111) electrode at
(a) 0.37V and (b) 0.05V. (Reproduced from Wieckowski et al.
(1985)B!1 with permission from Elsevier Science.)

also observed for saturated adlayers at low adsorption
potentials on polycrystalline Pt!?”- 3233 and on monocrys-
talline Pt(hkl) electrodes.3!> 3% 351 The existence of a pre-
peak, with an onset potential of ca. 0.3V, suggests that
some CO molecules at the adlayer are, probably, weakly
bonded to the surface.!!'! Whether this state depends on the
particular adsorption site (e.g., CO adsorbed on edges or on
defect sites) cannot be documented at present. It should be
recalled that, according to UHV data, the energy of adsorp-
tion of CO at Pt(hkl) is a function of the degree of coverage
0co and decreases very markedly as 6., reaches the sat-
uration value for the respective surface.l*®! If this result
is extended to the electrochemical environment, the low
potential for CO oxidation at the pre-peak can be due to
oxidation of CO molecules having a low value of adsorp-
tion energy in the saturated adlayer. However, although the
pre-peak represents a very low fraction of the total charge of
the CO adlayer, it indicates the existence of a pathway for
CO oxidation occurring at low potentials and this is impor-
tant in terms of the catalysis of the reaction. As we discuss
in the next section, experiments performed in the presence
of bulk CO, after an admission potential of 0.05V show an
overlap of the peak for bulk oxidation with the pre-peak.
This fact suggests that the sites involved in the process at
the pre-peak could be the open door for bulk oxidation at
low potentials.

Without consideration of the pre-peak, kinetic studies on
CO oxidation at Pt refer mainly to the process occurring
at high potentials. Gilman!®*"! was the first to propose that
oxidation of CO involves the reaction between adsorbed CO
molecules and an adsorbed O-containing species. The exact
nature of this species is not yet sufficiently documented,
although it is believed to be adsorbed OH coming from the
dissociation of water.

Oxidation of CO in the gas phase, follows a Lang-
muir—Hinshelwood mechanism/®! involving adsorbed CO
and co-adsorbed oxygen. The high mobility of adsorbed
CO in the metal gas interface!®! is good support for this
mechanism. At present, however, no experimental data on
the surface diffusion of CO at electrodes are available and
it is difficult to make estimates since the situation in the
electrochemical cell could be different to that in UHV.

At electrochemical interfaces carbon monoxide is adsor-
bed forming islands and it was suggested that for the
occurrence of a Langmuir—Hinshelwood mechanism the
adsorbate must move to the places where OH is formed,
namely to the Pt sites free of CO. According to a recent
Monte Carlo study of the kinetics of CO,, oxidation,’**!
the adsorbate mobility is a necessary condition for a bi-
molecular surface reaction. Cyclic voltammetry (CV) and
chronoamperometry have been used to study the mech-
anism of CO stripping.**~*! It was suggested that the
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reaction between CO,; and OH,; proceeds through a
nucleation mechanism as a front at the edges of separate
regions populated by the reactants.*”! The model responds
to experimental current—time transients of McCallum and
Pletcher,[*! for polycrystalline Pt, and Love and Lipkowski
for Pt(111).140) These authors observed a change in the form
of the transient at high potentials together with a change in
the Tafel slope. They explained this effect in terms of a
transition from progressive to instantaneous nucleation. !

Petukhov et al.'**! also measured current transients for
CO oxidation at Pt(111) and compared the results with data
from the Monte Carlo simulation. These authors estimated
a value of 5 x 107" cm?s~! for the CO diffusion coeffi-
cient and concluded that, due to this low value, a simple
Langmuir—Hinschelwood mechanism cannot occur at the
electrochemical interface.[**!

According to Koper et al.® a reaction mechanism for
CO oxidation can be written as follows:

H,0 +* «— OH,y, + H" + ¢~ 1)

CO, +OH, —> CO, + H  +e™ +2" (2

ads

where * stands for a free site on the surface. Thus, the

importance of the rate of OH adsorption-desorption (1) is
enhanced. The change in Tafel slope mentioned above can
be explained by considering the effect of the potential
on this reaction. In addition, Koper er al.?°! show that
experimental and simulated CV data only coincide if a high
surface mobility is assumed for CO,,.

2.2 Oxidation of CO in the presence of dissolved
Cco

In the presence of dissolved CO in the bulk of the solution,
a cyclic voltammogram exhibits higher oxidation currents
during the first potential scan, if the admission potential is
low (below 0.2 V). This behavior was reported for polycrys-
talline Pt and for single crystal Pt as well, and can be seen
in Figure 3.13! The onset potential of the oxidation current
is comparable to that of the pre-peak and first oxidation
peaks are observed at 0.63V and 0.52V for Pt(111) and
polycrystalline Pt, respectively. This high electrode activity
drastically falls when the admission potential is in the dou-
ble layer region, e.g., at 0.37V as in Figure 3 (right, b). It
also falls during the second and subsequent scans as shown
in Figure 3 (left, b). Evidently, some irreversible change
occurs in the system at potentials above ca. 0.3V, with
negative consequences for the catalysis of CO oxidation.
Data from scanning tunneling microscopy (STM) and
infrared spectroscopy,!'® 2% 44 indicate that on Pt(111)
the onset of CO oxidation occurs simultaneously with
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Figure 3. Cyclic voltammograms for Pt(111) (left) and polycrys-
talline Pt (right) in CO-saturated 0.1 M HCIO, solutions. Left:
scan rate, 20mV s~!; CO admission at +0.130 V vs. RHE; (a) first
scan, (b) third scan. Right: scan rate, 50mV s~!; (a) admission
potential 0.05V vs. RHE, (b) admission potential 0.37V vs.
RHE. Solid line: first scan, dashed line tenth scan. (Reproduced
from Wieckowski et al. (1985)1!! with permission from Elsevier
Science.)

a transition of the CO adlayer structure. Villegas and
Weaver!!”! discussed data from STM experiments (Figure 4)
and in situ FTIR (Figure 5) for CO adsorbed on Pt(111)
in the presence of dissolved CO. A change of poten-
tial from —0.05V and +0.4V vs. RHE (in the origi-
nal paper,!'”! these potentials are given as —0.25 and
+0.1V vs. SCE) induces a transition in the adlayer struc-
ture, as shown in Figure 4. The unit cells at 0.05V and
0.4V vs. RHE are respectively (2 x 2)—3CO and (/19 x
/19)23.4°~13CO. The transition is accompanied by a
change in the spectra as shown in Figure 5. IR bands
correspond to terminal (2073 cm™!), bridge (1850cm™")
and three-fold (1773c¢cm™') bonded CO.'®! Summariz-
ing, at —0.05V vs. RHE CO presents a (2 x 2)—3CO
structure occupying on top and threefold hollow sites,
while at 0.4V vs. RHE the adlayer consists of a (/19 x
/19)R23.4°—13CO structure with CO molecules occupy-
ing on top and two fold bridge positions.
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Figure 4. STM images and ball models of adsorbed CO at
Pt(111), taken in the presence of dissolved CO. (a) (2 x 2) —3CO
and (b) (/19 x /19)23.4°—13CO. Scales: 5 x 5nm. (Reprodu-
ced from Villegas and Weaver (1994)[1! with permission from
the American Institute of Physics.)

Two important points concerning the results of Figures 4
and 5 are noteworthy:

e Strong dipole-dipole coupling in the highly com-
pressed (2 x 2) layer gives rise to a considerable inten-
sity transfer from the multifold CO molecules to
terminal CO.!'”) As a consequence the 2: 1 site occu-
pancy in favor of multifold CO geometry shown by
the STM picture is not reflected in the band intensi-
ties of the IR spectra, which favors the minority atop
molecules.!'”! In other words, these results prevent us
from establishing the relative degree of coverage by
comparing the respective band intensities.

e The change from the (2 x 2) to the (/19 x /19) struc-
ture was reported in different other works at different
potentials between 0.4V and 0.65V vs. RHE.[20: 44 43]
It was shown that these differences lie in the degree
of order of the Pt(111) surface.**! Thus, on ordered
surfaces, presenting wide terraces and few steps, the
transition occurs at ca. 0.6 V, while stepped or disor-
dered surfaces cause a shift of the transition to lower
potentials. Regarding the catalysis of CO oxidation,
it is important to note that the adlayer transition is
accompanied by CO, formation,>*! and this fact
highlights the role of steps in the catalysis of the
reaction.

Yoshimi et al. reported a differential behavior of the CO
adlayer for CO adsorbed at 0.4V or 0.05V.?% Accord-
ingly, spectra for CO adsorbed at 0.4V present a band
for adsorbed water, exhibiting a constant frequency, which
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Figure 5. In situ FTIR spectra of the CO-adlayer formed on
Pt(111) in CO-saturated 0.1M HCIO, solution at 0.05V and
0.40V vs. RHE as indicated in the spectra. See band assignment
in the text. The reference spectrum was acquired after stepping to
0.8V vs. RHE, the band for resulting CO, at 2341 cm™~! is also
shown. (Reproduced from Villegas and Weaver (1994)["%! with
permission from the American Institute of Physics.)

was interpreted as being due to an ice-like water layer
which formed on top of the CO adlayer. The water over-
layer acts as a blocking factor impeding CO oxidation!?"
and shifts both overlayer transition and CO oxidation to
higher potentials (0.65 V) than for CO adsorbed at 0.05 V.
For the latter, no water bands were observed and in this
case, the (2 x 2) — (/19 x 4/19) transition and the CO
oxidation were observed at 0.4 V.29 Furthermore, Yoshimi
et al.®® observed that the formation of the /19 x /19
structure begins at steps on the Pt surface. This observation
agrees with the finding by Rodes et al. that the adlayer tran-
sition occurs at lower potentials for electrodes with a larger
density of steps.[**! In view of the results discussed above, a
rationalization of the activity of Pt(111) towards CO oxida-
tion in the presence of bulk CO can be attempted. However,
it must be taken into account that the enhancement of CO
oxidation is not an exclusive property of Pt(111) (Figure 3).
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Thus, it is likely that the increased current at low poten-
tial in the presence of dissolved CO, is due to a lowering
of the adsorption energy for the saturated CO adlayer, as
observed in the gas phase for different Pt surfaces.[*®) While
different Pt surfaces do present an increased activity for CO
oxidation in CO-saturated solutions, the extent of reaction
enhancement and the detailed current—potential behavior
seems to depend on the Pt surface structure, as shown by
Ackerman et al.'® in a study of CO oxidation at Pt(111)
and Pt(997), where the rate of oxidation and the state of
the CO adlayer were simultaneously monitored by measur-
ing the current and the second harmonic generation (SHG)
signal from the surface.

The results of Yoshimi et al.?®! provide, at least for
Pt(111), an explanation for the dependence of the activity
for (bulk) CO oxidation on the admission potential: at
admission potentials near 0.4V vs. RHE an ice-like water
structure is formed on top of the CO overlayer, which
has a blocking effect and inhibits CO oxidation. While
this explanation may be valid for Pt(111), we do not
know, at present, whether an equivalent effect occurs on
other surfaces. Other points remain unclear because of
insufficient experimental documentation:

1. Which is the process responsible for the falling activity
after the first potential scan?

2. More data on the dynamics and reversibility of the
overlayer transitions are needed.

3. The fundamental unknown point is probably the ques-
tion of the mechanism of reaction in the CO-saturated
solution: how does the reaction between the CO
molecules and water take place on a surface completely
saturated with CO? Are holes eventually formed in the
CO structure, sufficient for producing water dissocia-
tion at the rates observed at low potentials?

Understanding these processes at a molecular level will
help to explain the intriguing catalytic behavior of CO at
electrochemical interfaces.

2.3 Catalysis of CO oxidation by binary catalysts

In this section we consider catalyst promoters other than
those adsorbing oxygen at low potentials as for example
Ru. The latter are discussed in The hydrogen electrode
reaction and the electrooxidation of CO and H,/CO
mixtures on well-characterized Pt and Pt-bimetallic
surfaces, Volume 2.

Binder et al.'*®! were the first to demonstrate that adsor-
bed sulfur on Raney Pt catalyzes the oxidation of bulk-
carbon monoxide. As shown in Figure 6, the current
for CO oxidation strongly increases in the presence of
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Figure 6. Stationary current—potential curves for CO in 1.5M
H,SO,, at 90°C using Raney-platinum without and with S-
coverage. Gas was continuously bubbled in the solution. For
comparison data for H, oxidation are shown (both curves, with
and without S fall together). (From Binder et al. (1967)16 with
permission from the authors.)

adsorbed S (S was deposited by applying a cathodic
current (—500mA) in warm 5M H,SO,,"*! enhancement
factor 6.3 by 200mV). Interestingly, hydrogen oxidation
(also shown in Figure 6) is not disturbed by the presence
of adsorbed S atoms. Shibata and Motoo!*’! studied the
effect of several adatoms (S, Se, Te, Bi, Hg) on the
rate of bulk CO oxidation at Pt. Figure 7 compares the
currents measured at 450 mV for different adatoms. The
catalytic effect clearly depends on the electronegativity of
the adsorbed metal, increasing in the order Te < Se < S.

0.02

0.01
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0 R
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Figure 7. Dependence of the maximum current density for CO
oxidation at 0.45V in 0.5M H,SO4 on the electronegativity
of adatom. Electronegativity values from Pauling’s (A) and
from Alfred Rochow (o). (Reproduced from Shibata and Motoo
(1985)#"! by permission from Elsevier Science.)
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Figure 8. Semi-logarithmic plot of potential—current curves for
CO oxidation on S-covered Pt electrodes in CO-saturated 0.5 M
H,SO, solution at 40°C. Values of coverage 915)t for each curve
are indicated. (Reproduced from Shibata and Motoo (1985)17! by
permission from Elsevier Science.)

Figure 8 shows curves for CO oxidation in the presence of
different degrees of coverage by S. It is quite surprising
that the current continuously increases with increasing
coverage by S, this effect passing through a maximum at
B = 0.88, 65, = 0.90 and 6, = 0.65. Degrees of coverage
were calculated as:!*8]

@5} _ sQH — QH Q3)

sQu

where O and Qy stand for the quantity of charge required
to oxidize hydrogen adsorbed at 0.05 V on clean and adatom
covered Pt, respectively.

It is currently accepted that CO oxidation can be enhan-
ced in the presence of surface species adsorbing oxygen
at low potentials (see below). However, none of the
adsorbed atoms discussed here (S, Se, Te) exhibit this
property.*”) Some approximation to the rationale for the
catalytic effect of electronegative atoms can be gained by
analyzing data for TPD of CO adsorbed on polycrystalline
Pt pre-covered with S atoms.!*”! It was observed that the
temperature for CO desorption continuously decreases with
increasing S coverage. The experiments were performed
up to S saturation coverage (which allows a maximum
adsorption capacity for CO, Ocgpay) = 0.091). This value
is comparable with the one reported above for catalysis in
the electrochemical cell. The phenomenon was interpreted
in terms of a decrease of the binding energy of CO to the

Pt surface, from 143 kJ mol~! (for pure Pt) to 115kJ mol~!
(for the S-saturated layer). It was suggested that this effect
is due to a reduction of the capability of CO adsorption
in the presence of sulfur: adsorption of CO causes a
reduction of the density of electronic states within 3 eV of
the Fermi level®! and sulfur was found to interact with the
band near 2.5eV below the Fermi level.’% Thus sulphur
interacts with the local density of states at levels close to
those normally used to bind CO. Weakening of the CO-
metal bond is also invoked to explain the promoting effect
of alloying Pt with some transition metals. According to
Ngrskov and co-workers,5!! the effect is produced by a
lowering of the energy center of the d-band, which results
in a diminished CO-metal binding energy.

Is the weakening of CO adsorption in the presence of
sulfur the only reason for a sustained enhancement of CO
oxidation at low potentials?

In principle, the same mechanism could be involved in
catalysis by other electronegative atoms as Se and Te. The
data in Figure 8 indicate an enhancement factor of ca. 10 for
the current measured at 0.4V at, say, 90% of S coverage.
Thus, the effective enhancement factor is about 100, a result
which is also valid for Se.[*!

The effect of these adatoms on the oxidation of bulk
CO is completely different from that on the oxidation of
adsorbed CO, i.e., when bulk-CO is absent. For the CO/Se
adsorbed layers at Pt(111), Herrero et al.’?! suggested that
well ordered mixed overlayers similar to those observed in
UHVDP3 are present in the electrochemical cell. They found
an inhibition of CO stripping for Se and Te. Unfortunately,
their data do not refer to oxidation in the presence of
dissolved CO.

Thus, the question arises on the CO reaction mecha-
nism for dissolved CO in the presence of these adatoms.
Taking the data of desorption energy for CO at Pt(111)/S
(115kJmol~!), we conclude that CO is still very stable
on this surface and all adatom-free Pt sites should become
covered with CO. It seems unlikely, that in the presence
of dissolved CO, an additional lowering of the adsorption
energy occurs as suggested before for the pure metal, since
repulsion between CO neighbors should be less effective in
the presence of a high coverage with adatoms. However,
it cannot be discarded that a state of the type CO(CO,),
involving loosely bonded CO molecules onto a strongly
adsorbed CO layer exists, as suggested by Ertl and co-
workers for saturated CO allayers in the gas phase.[’®
As these authors suggested, such states can involve very
low CO desorption energies. Under conditions of high
adatom coverage no available sites for water dissociation
are expected and a Langmuir—Hinshelwood mechanism
seems to be unlikely. A reaction via an Rideal—Eley mech-
anism between weakly bonded CO and water molecules
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from the solution phase cannot be discarded. It has been
argued, for heterogeneous reactions in the gas phase, that
the probability of reaction via this mechanism is very low,
because the residence time for a gaseous molecule imping-
ing the surface is very low (ca. 1ps). In addition, in UHV
the impinging rate is also very low.!>>! The situation in
the electrochemical cell is quite different since the reaction
partner, water, has a concentration of 55.5 mol 1-! and bom-
bardment of the surface by water molecules should be much
more effective than in the gas phase. Obviously, a definitive
answer to this question requires a lot of new experimental
effort.

3 METHANOL ELECTROOXIDATION
3.1 General features

The thermodynamic standard equilibrium potential for com-
plete oxidation of methanol to CO, is E°=0.02V (see
Table 1). However, as shown in Figure 1 for a platinum
electrode, under conditions of current flow, kinetic inhi-
bition strongly shifts the potential by several hundreds of
millivolts. Additionally the total oxidation,

CH,O0H + H,0 — CO, + 6H" + 6e~ 4)

delivering 6 electrons per mol of methanol, can be accom-
panied by the formation of by-products following parallel
reactions as early suggested by Breiter.l’! In a simplified
manner the reactions can be written as follows:

CH,OH —
7 co,, — CO,
N HCHO, HCOOH —— C(g%
(
This formulation may be critical in the sense that it is
not known at present to what extent formaldehyde and
formic acid should be considered reaction intermediates
and/or reaction by-products. It is well known that both these
substances can also form adsorbed CO at Pt surfaces and
that formic acid itself undergoes a dual pathway oxidation
to CO,.

A catalyst for methanol oxidation should be able to
(a) dissociate the C—H bond and (b) facilitate the reaction
of the resulting residue with some O-containing species to
form CO,. On a pure Pt electrode, which is known to be a
good catalyst for breaking the C—H bond, the two processes
necessary for complete oxidation occur in different potential
regions:

(adsorbed intermediates)

e Process (a) involving the adsorption of methanol mole-
cules, requires several neighboring places at the surface

and, due to the fact that methanol is not able to
displace adsorbed H atoms, adsorption can only begin
at potentials where enough Pt sites become free from
H, i.e., near 0.2V vs. RHE for a polycrystalline Pt
electrode.

e The second process (b) requires dissociation of water,
which is the oxygen donor of the reaction. On pure
Pt electrode, sufficient interaction of water with the

catalyst surface is only possible at potentials above
0.4-0.45V vs. RHE.P* 5]

Thus, on pure Pt, methanol oxidation to CO, cannot begin
below, say 0.45V. However, the adsorbate layer does not
exhibit a good reactivity below at least 0.7V, i.e., at
potentials without technological interest.

3.2 Methanol adsorption
It was suggested that methanol adsorption takes place in

several steps, forming different species due to dissociation
of the molecule:!®

CH,OH — CH,OH+H" + e~ (6)
X
CH,OH — CHOH +H" +e~ )
X XX
CHOH — COH +H" +e” (8)
XX XXX
COH — CO +H" +e” )
XXX X

where x stands for a (formerly water covered)®¥ Pt site. It
was also suggested that formaldehyde and formic acid could
be formed from the intermediates CH,OH and CHOH,
respectively.6]

If a cyclic voltammogram is started after contacting
a polycrystalline Pt electrode with a methanol-containing
solution at a potential of 0.05 V or less, methanol adsorption
can be observed as soon as hydrogen coverage decreases
to a certain extent. The dissociation process gives rise to
a current peak in the H-region (Figure 9), which can be
observed only during the first potential scan, i.e., when
the surface is free from organic residues. The experiment
in this figure was performed using the DEMS technique
(Product analysis, Volume 2).1'3! Briefly, in this technique
the electrode is a porous Pt layer on a PTFE membrane,
sitting at the entrance of a mass spectrometer (MS). This
setup allows the on-line detection of volatile products
entering the MS within fractions of a second after being
formed. As illustrated in Figure 9 no signal for mass
(m/e = 44) corresponding to CO, was detected at potentials
in the region of the current peak. No other volatile products
were detected and it can be concluded that the current peak
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Figure 9. First current and mass-signal voltammograms during
the methanol adsorption and oxidation. The electrode, a porous
polycrystalline Pt was contacted with the methanol solution at
0.05V, 0.1 M CH;0H/1 M HCIO,4; 20mV s~'. Surface roughness:
ca. 50.

is related to faradaic processes occurring during methanol
adsorption.

3.3 The nature of the adsorbed methanol species

Establishing the nature of adsorbed species formed during
adsorption of small organic molecules is a difficult task.
The issue was approached in the past in a number of studies
using pure electrochemical methods.!?! Except from a study
using gas chromatographyl®! earlier papers were mainly
based on data of charge measurements during adsorption
of methanol and oxidation of the adsorbed residue.[> * 18]
The use of analytical methods for the in situ, ex situ
and online analysis of the electrode surface began in the
1980s.'!1 Different adsorbed species were suggested on the
basis of data from infrared spectroscopy,'!> 1236 thermal-
desorption MS!!!- 371 and DEMS.[!!]

Infrared spectra obtained during methanol adsorption at
0.35V on polycrystalline Pt show well-characterized bands
for linearly bonded CO at ca. 2040 cm™! together with other

bands in the 1200—1300cm™! region, which have been
interpreted in terms of the C—OH stretching of hydrogenated
species (as, e.g., COHPY or HCOH). These bands were also
observed in spectra obtained on single crystal Pt(100) and
Pt(111)P8] (see below).

Another approach to establish the nature of the adsor-
bate was made by thermal desorption mass spectrometry,
performed on electrodes transferred into UHV.” These
results confirmed the presence of hydrogenated species in
the residues produced upon methanol adsorption. Moreover,
these data have shown that the ratio between the amount of
CO and other (hydrogenated) species depends on methanol
concentration.””! It should be noted that large discrepan-
cies in the results from different groups may lie, at least
in part, in differences in the experimental approach. The
necessity to thoroughly eliminate traces of oxygen from
the solution and from the gas atmosphere above the solu-
tion has been emphasized. Adsorbed oxygen can interact
with organic residues; recall that O, reduction on a Pt sur-
face produces adsorbed peroxide intermediates, which can
act as oxidizing agents.

3.4 Methanol oxidation products

The oxidation products of CH;OH are well known since
the works of Pavela® and Schlatter.!®"! These authors used
long-term electrolysis at potentials between 0.5 and 0.6 V
vs. RHE and found CO,, H,CO, HCOOH and HCOOCH;.
The product methyl formate originates in a reaction between
HCOOH and CH;OH:

HCOOH + CH,OH = HCOOCH, + H,0 (10)

The yields of different products depend on methanol con-
centration, temperature, electrode roughness and time of
electrolysis.[®! ©2I Carbon dioxide formation was found to
be favored at high temperature and on rough electrodes.
Figure 10(a)!®?! shows the time dependence of the amount
of products formed on a platinized Pt electrode at a con-
stant current of S0 mA (other details are given in the figure
caption). From the slope of curves C the rate of product
formation can be calculated. After ca. 50h the current effi-
ciency for CO, is about 95% and the efficiency for HCOOH
and HCHO falls down to zero (Figure 10b). The results of
Ota et al. for a platinized Pt electrode in 1M CH;OH + 1M
H,S0,, measured at 0.6 V are given in Table 2.[6%!

The study of the products of methanol oxidation dur-
ing a potential scan was the first goal of online mass
spectrometry, DEMS.!"3! In Figure 11, the potentiodynamic
formation of CO, on a porous polycrystalline Pt electrode
was followed during the potential scan by recording the
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Table 2. Current efficiencies of methanol oxidation in 1M
CH;0H, 1M H,SO, after 50 min of electrolysis using platinized
Pt electrodes of different roughness factors; 0.6V vs. RHE,
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Figure 10. Soluble products
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electrode, platinized Pt (roughness factor 690); temperature,
25°C. (a) Time dependence of potential (A) and amount of
soluble products (B) CO,, (C) HCOH and HCOOH as indicated.
(b) Reaction current and current efficiency for HCOOH and
HCOH. (Reproduced from Ota et al. (1984)%? with permission
from Elsevier Science.)

ratio m/e = 44 for CO, and 60 for methyl formate. Another
product, di-methoximethane (CH,(OCHj;),), produced by
the reaction of HCHO and CH;OH gave a very weak sig-
nal for mass 75.'!! There must be some problem with
the volatility of formaldehyde or its derivative product in
aqueous solution (gem diol, CH,(OH),), making difficul-
ties with the direct detection via the DEMS technique.[®)
On technical electrodes di-methoxi methane was detected
by DEMS,!®¥ at high temperature (175°C). In this case
the yields were dependent on the amount of water in the
gaseous methanol/water mixture used (see Product analy-
sis, Volume 2). These difficulties extend to other modern
analytical methods such as in situ FTIR as pointed out
by Korzeniewski and Childers.!% This could be the rea-
son why formaldehyde remained almost disregarded in the
methanol fuel cell literature. In fact, when methanol in
acid solution is brought into contact with a platinum elec-
trode, formaldehyde is formed already at open circuit.[¢
Korzeniewski and Childers determined formaldehyde yields
fluorometrically, after applying a constant potential to a
smooth polycrystalline Pt electrode during 5 min in a micro
cell. Their results show 38% of formaldehyde at 0.25V
vs. (saturated) Ag/AgCl in 15 mM CH;0H + 0.1 M HCIO,
solutions, the yield decaying at higher potentials. Thus,
e.g., at 0.45V vs. Ag/AgCl, the main reaction product is
CO, (80%), and the yield of HCOH fell to only 8%.!6!
On the other hand, much higher amounts of formaldehyde
are reported by Wang et al.!® for porous Pt in 10mM
CH;O0H + 0.5M H,S0O,. According to these authors, 50%
HCOH is obtained at 0.65V vs. RHE and no differences
were observed when using 0.1 M HCIO, as a supporting
electrolyte. It must be noted that formaldehyde data of
Wang et al. were not directly measured but calculated from
the amounts of CO, and HCOOH via DEMS (under the
given conditions, the reported yields of HCOOH and CO,
were 34% and 16%, respectively!®) and comparing these
values with the total charge passed. However, the results
of Wang et al. can be compared with those of Ota et al.
for rough electrodes in 1M CH;O0H (Table 2), but cau-
tiously, since the latter refer to a much higher methanol
concentration.
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Figure 11. DEMS experiment: current and mass-signal (m/e =
44, CO, and m/e = 60, methyl formate) voltammograms during
methanol oxidation on a porous Pt electrode. 0.1 M CH;OH/1 M
HCIO4; 20mV s~!. Surface roughness: ca. 50. (Reproduced from
Iwasita (1990)"'! with permission from VCH.)

3.5 Structural dependence of methanol oxidation

3.5.1 Results of cyclic voltammetry

The complexities involved in methanol adsorption and
oxidation are reflected in the strong sensitivity of the
reaction to the surface structure. Cyclic voltammograms of
methanol on the three low index surfaces of monocrystalline
platinum in 0.1M HCIO, are shown in Figure 12.5%
The Pt surfaces in these experiments were contacted with
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Figure 12. First potential scan for methanol oxidation on Pt(hkl).
1.0M CH;OH in 1.0M HCIOy4; sweep rate = 50mV s~!. (Repro-
duced from Xia et al. (1996)P%! with permission from Elsevier
Science.)

methanol at 0.05V (a potential where methanol adsorption
is negligible) and then the first scan of the cyclic potential
sweep was recorded at 50 mV s~!. From the three surfaces,
Pt(100) is the only one presenting a well-defined curve for
methanol dissociative adsorption. This process is observed
as a well-defined peak at 0.35V, superimposed on the
current for H-desorption (see also Figure 9). The adsorption
process at Pt(100) causes the blocking of the electrode
surface. Therefore, almost no activity toward oxidation is
observed until the potential reaches ca. 0.72 V. Contrasting
with this result, no indication of dissociative adsorption or
blocking of the surface is observed at Pt(111). At Pt(110)
one observes a lower current in the H region, which may
indicate that the surface is partially blocked already at
the beginning of the potential sweep. This behavior is not
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surprising in view of the low potential for H desorption
on this surface. For a comparison, the first part of the
potential scan is magnified in Figure 13. Here, one sees that
a CV for Pt(111) shows up the highest oxidation current
between 0.45 and 0.65 V, followed by Pt(110) and Pt(100).
However, before establishing a ranking for the activity of
the three surfaces, infrared results should be taken into
consideration, as we shall do in the next section.

So far we have discussed results obtained in HCIO,
as a supporting electrolyte. The nature of the anions
present in solution may have an effect on the rate of
reaction. In particular, specifically adsorbed anions can
act as a barrier for methanol adsorption. This issue has
been studied using cyclic voltammetry.[7- 681 Particularly
important is the comparison of results obtained with
HCIO, and H,SO,, two electrolytes currently used in
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Figure 13. Comparison of the current during a potentiodynamic
scan in 1.0M CH;OH + 1.0M HCIO4 on Pt(hkl); sweep rate =
50mV s~!.58

electrocatalysis studies. Whilst it is accepted that perchlo-

rate ions are not specifically adsorbed at Pt, adsorption

of sulfate species has been well established via in situ

FTIR spectroscopy.'* - 70 Judging from the intensity of

infrared bands for adsorbed sulfate, adsorption is stronger

on Pt(111) than on Pt(100). This is also supported by the

fact that adsorption of sulfate species causes the current
under the so-called unusual states!"™' in the voltammo-

gram of Pt(111) between ca. 0.35V and 0.5V in 0.5M
H,SO,. This peculiar behavior indicates a strong interac-
tion of the adsorbed anion with the Pt(111) surface and,
therefore, one additional aspect to be considered here is
how the supporting electrolyte affects methanol oxidation.
This problem was approached by comparing the cyclic
voltammogram responses in HCIO, and H,S0,.[" %] In
Figure 14 the first sweep during methanol oxidation on
Pt(111) in both supporting electrolytes is shown. Much
larger currents (a factor of 10) are observed in HCIO, than
in H,SO,. This effect seems to be caused by the strong
specific adsorption of the anion in H,SO,. Identical results
as in Figure 14 were reported by Kita et al.'8! who also
observed higher currents in HCIO, for Pt(100) (factor of
two) while no difference between HCIO, and H,SO,, was
observed at Pt(110).18]

3.5.2  Results of infrared spectroscopy

Infrared spectra during methanol adsorption and oxidation
are shown in Figure 15, for Pt(111) Pt(100) and Pt(110)5
in 1 M CH;OH solutions, using 0.1 M HCIO, as supporting
electrolyte. Bands at ca. 2060cm™! and 1850cm™! are

assigned to linearly (CO; ) and bridge (COg) bonded CO,
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Figure 14. Potentiodynamic curves for methanol oxidation on
a Pt(111) electrode in 1.0M CH3OH solution with (a) 0.5M
H,SO, and (b) 0.1 M HCIO; supporting electrolytes. Sweep rate:
20mVs~L
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Figure 15. Infrared spectra in 1.0M CH3;OH in 0.1 M HCIO, at Pt(100) (a), Pt(111) (b) and Pt(110) (c). Reference spectra collected

at 50 mV; sample spectra collected at the indicated potentials.?®!

respectively. The band at 1260 cm™~! was assigned to some
H-containing intermediate, possibly COHP® and the band
at 2341 cm™', observed on all spectra, is due to CO,.
Other H-containing adsorbate may be responsible for the
feature at 2950 cm™~! in the spectra for Pt(100). This band,
appearing already at 0.2V and becoming better defined
at more positive potentials can be assigned to the C-H
stretching of a CH, group in an adsorbed species. All
spectra develop a band at 2341 cm™!, as the product CO,
is formed. Although not shown here, a weak band at
1230cm™~! has been observed at Pt(111) from ca. 0.55V
onwards, which was assigned to the C—O-C stretching of
methyl formate.[®!

The surface sensitivity of the reaction can be also ana-
lyzed in a plot of the integrated band intensities for
CO and CO, for different monocrystalline surfaces as
shown in Figure 16(a,b). In comparing these results with

those of cyclic voltammograms (CVs), one has to be
aware that the time scale for the spectra is larger than
for the CV. Thus, the voltammetric curves in Figure 13
were taken at 50mVs~!, ie., 0.02smV~!. On the other
hand, spectra collection requires about 70s at each poten-
tial and considerable adsorption can take place during
this time.

The behavior of Pt(111) and Pt(110) highlights some
interesting features of the mechanism of methanol oxida-
tion. We will leave Pt(100) out of consideration at first
because this surface presents two forms of adsorbed CO
(ontop and bridge), thus disabling coverage estimations on
the basis of the band intensity.”!] In the case of Pt(111)
the intensity of the band for COy is so small that we shall
simply neglect it in the following discussion.

Measurable amounts of CO have already been observed
at Pt(110) at 0.1 V. The CO feature rapidly grows with
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Figure 16. Integrated band intensities from IR spectra at Pt(111)
and Pt(100) and Pt(110) in 1.0M CH;OH in 0.1M HCIO,.
(a) linear (COr) and bridge (COg) bonded carbon monoxide;
(b) CO,.

potential and already reaches a maximum at 0.3V. At
Pt(111), a band for linear bonded CO can be seen,

the intensity of which grows somewhat more slowly than
that for Pt(110). The initial adsorption can be extrapolated
to around 0.2'V. But the most important observation here
is that the dissociative adsorption of methanol at Pt(111)
takes place at potentials within the H region. Therefore
we can conclude that the lack of adsorption in the H-
region during the potential scan at 50mV s~! (Figure 13)
can be explained as due to a large kinetic limitation in the
adsorption process at Pt(111) which is not observed on the
other two surfaces (see discussion below).

In Figure 16(b) the integrated band intensity for the CO,
observed in the potential region below 0.8 V is presented.
We can state that in this region CO, production proceeds
with almost the same rate at both Pt(111) and Pt(110)
and is much slower at Pt(100). Both former surfaces have
almost the same catalytic activity for CO, production,
at least at potentials below ca. 0.7-0.75 V. However, the
relative currents observed in Figure 13 for Pt(110) and
Pt(111) indicate a higher activity of the latter towards
methanol oxidation. This apparent contradiction indicates
that in the interval of potentials between, say, 0.4 and
0.6V, the potentiodynamic current at Pt(111), originates
to a large extent from the process of adsorbing methanol
and/or from the parallel pathway forming HCOOH and/or
HCHO. Our present knowledge of the yields of HCOOH
and/or HCHO at single-crystal electrodes is insufficient for
establishing the extent to which these pathways contributes
to the current. Pt(100) also presents evidences for high
yields of the parallel reaction: the pronounced increase of
current at 0.7V (Figure 13) contrasts with the moderate
variation of the CO, band intensity in Figure 16(b).

3.6 The mechanism of methanol oxidation

Understanding the mechanism of methanol oxidation is an
issue which can be considered to be in its infancy. The
slow progress over many years can be easily understood
in the light of the difficulties created by the existence of
parallel reaction paths with yields depending on potential,
time, surface structure, etc. At present, we can only
distinguish the two global processes already indicated in the
introduction namely, adsorption of methanol molecules and
oxidation of adsorbed residues. The IR results will help us
to follow the potential dependence of the pathway leading
to CO, via formation of adsorbed CO and identify, for this
pathway, whether adsorption of methanol or removal of CO
is the rate-determining process.

Due to the fact that the interface components of the
respective Pt surfaces depend on potential and considering
the necessity of some adsorbed oxygen donor, for oxidation
of the adsorbed residues, we can state that both these effects
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can only take place simultaneously at potentials above
0.4V or higher. However, with respect to the adsorption
process, we should start the discussion by considering
methanol adsorption at potentials below 0.4 V. It is well
known that methanol cannot displace adsorbed hydrogen
from the Pt surface. This is a well known phenomenon and
is documented by the data in Figure 16(a). We follow here
the discussion on the structural dependence of methanol
adsorption started in the previous section, by recalling that
data were obtained by applying potential steps of ca. 70's of
duration and therefore are neither stationary nor dynamic.
However, the procedure for collecting spectra was the same
for all surfaces and a comparison of the band intensities
can give an idea of the rate of methanol adsorption in the
low potential region. Thus, adsorption of methanol occurs
at a higher rate at Pt(110) than at Pt(111) (Figure 16a).
While CO; coverage at Pt(110) rapidly increases reaching
a saturation value between 0.3V and 0.4V, the band for
CO, at Pt(111) grows more slowly and does not present a
real maximum but a sudden falling of intensity at a potential
of 0.6 V. Additionally, in the whole range of potentials the
CO band intensity is substantially higher on Pt(110) than
on Pt(111). More about the methanol adsorption process
can be learnt by analyzing in parallel the band intensity for
CO in Figure 16(a) and the hydrogen coverage according to
the voltammograms of these surfaces measured in HCIO,
(Figure 17). Thus, e.g., for Pt(110) at 0.2V vs. RHE,
B ~ 0.2; at this potential the band intensity for CO is quite
large (about 80% of its maximum value). On the other hand,
for the same 6 at Pt(111) (E ~ 0.29 V), the band intensity
is much lower and slowly grows with increasing potentials
even beyond 0.4 V, where the surface is free from adsorbed
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Figure 17. Potentiodynamic current-potential response between
0.05 and 0.5V vs. RHE for Pt(111) and Pt(100) in 0.1 M HCIOy;
sweep rate 50mVs~!.

hydrogen. It can thus be concluded that the difference in
methanol adsorption rate for these two surfaces originates
in some property inherent to the surface itself and not in
the amount of sites free from adsorbed hydrogen at a given
potential.

We now consider the potential region above 0.4V,
where CO, is produced. Independently of the respective
CO coverage, the rate of CO, formation is the same for
both surfaces Pt(111) and Pt(110) and hence, they present
identical rates of the corresponding pathway. The most
simple interpretation of this result is that the rate deter-
mining process is the oxidation of the residue adsorbed.
Or, in other words, in the range of potentials analyzed
here (ca. 0.4—0.7 V), there is enough adsorbed methanol on
both surfaces to reach the maximum rate for the produc-
tion of CO,. Gasteiger et al.’!! suggested that oxidative
removal of CO is the rate-determining-step (rds) in this
potential region. Following a somewhat different approach,
Christensen et al.’?! arrived at the same conclusion for
polycrystalline Pt. Summarizing, oxidation of adsorbed CO
and not adsorption of methanol is likely to be the rate-
determining process in the potential region between, say,
0.4 and 0.70 V.

At higher potentials, interaction of water with the Pt sur-
face increases™! and competition of methanol with water
for adsorption sites becomes important.5>! Therefore, at
potentials above, say, 0.7 V, methanol adsorption becomes
the rds again and in this region the reaction rate passes
through a maximum and then decays.

For the pathway analyzed here, leading to CO, formation
via adsorbed CO, we can state that CO is an intermediate of
the reaction and the role of surface poison usually ascribed
to CO,y should be revised. Inspection of Figure 16(a)
indicates that CO indeed accumulates on the surface at low
potentials (see the result for Pt(110)), however, the reason
for the lack of CO, formation lies in the inability of Pt to
dissociate water and not in the degree of surface blocking
by CO. Otherwise it would be difficult to understand how
two surfaces covered with CO to different extents produce
CO, at identical rates.

Concerning the nature of the oxygen donor there has
been a more or less general consensus that it is an
adsorbed OH species coming from water dissociation, as
originally suggested by Gilman.?’! According to Wieck-
owski et al.®! the oxygen donor is simply some acti-
vated water molecules adsorbed on the Pt surface. How-
ever, for oxidative stripping of CO adlayers on plat-
inum, Koper efal®”' have shown that the dissocia-
tion of water is a necessary step in order to harmo-
nize experimental data with the results of Monte Carlo
simulations.
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3.7 Catalyst promoters for methanol oxidation

Several binary and ternary catalysts have been proposed for
methanol oxidation, most of them based on modifications of
Pt with some other metal. The promoter metal must fulfill
the requirement of forming O-containing surface species at
low potentials. This seems to be sine qua non for increasing
the catalytic activity of Pt towards methanol oxidation.
Among others, Sn,[’-%74 Bi 73 Mo!"® and Rul”>77-%4
were suggested. There are, of course, several practical
factors limiting the choice of the metal. Many O-adsorbing
metals can produce negative effects, e.g., inhibit methanol
adsorption or may be not sufficiently stable for long-term
use, as required for a fuel cell. At present, there is a general
consensus that PtRu offers the most promising results. The
catalytic effect has been observed in different kinds of PtRu
materials, such as PtRu alloys,[77- 7 83-85,89-91.941 piRy
electrodeposits,®?! Ru evaporated on Pt,3% Ru adsorbed
on single-crystal Pt(hkl),®3-88] and on technical (carbon
supported electrodes) as well.[% 91

When discussing the reason for the enhanced rate of
methanol oxidation on PtRu, the bi-functional mechanism
is often invoked.”®! The term was suggested to give
emphasis in the joint activities of both metals, Pt being
the one adsorbing and dissociating methanol and Ru, the
one oxidizing the adsorbed residues. This description of
the mechanism is based in the observation that at potentials
below 0.4V, Pt is a good catalyst for methanol adsorption,
but not for water dissociation while Ru is able to dissociate
water but it cannot adsorb methanol. However, establishing
a role for each metal as in the bi-functional mechanism is
of limited use, since it is well known that at high potentials
Pt dissociates water and, as shown in Refs. [84, 94] at high
temperatures (60—80°C) Ru adsorbs methanol. Moreover,
even for conditions where methanol adsorption occurs only
on Pt, CO can move on the surface and occupy sites on
Ru atoms. Altogether, several adsorbed species could be
involved in the oxidation process at the PtRu catalyst,
namely, Pt(CO),4, Ru(CO),4, Ru(OH),4 and Pt(OH),4. To
simplify, we can describe the bi-functional mechanism as
follows.!"!)

The first step of the reaction is adsorption of methanol:

CH;OH,;) —> (CO), +4H" +4e”  (11)

(CO),, represents an adsorbed CO species either on Pt or on
Ru. Both Pt and Ru dissociate water to form adsorbed OH

Ru + H,0 —> (OH),, + H + ¢~ (12)
Pt + H,0 — (OH),, + H" + ¢~ (13)

Finally, following a Langmuir—Hinshelwood mechanism
adsorbed CO reacts with adsorbed OH to give CO,,

(CO),, + (OH),, — CO, + H" +e~ (14

For CO adlayers obtained via adsorption of dissolved CO on
PtRu, Koper et al.[® analyzed reaction (14) for all possible
species mentioned above and found that an enhanced effect
is only possible if the final oxidation step occurs between
CO adsorbed at Pt and OH adsorbed at Ru. Therefore,
reaction (14) can be specifically written as

Pt(CO),, + Ru(OH),; —> CO, + Ht +¢~  (15)

As a necessary condition for the Langmuir—Hinshelwood
mechanism, CO should be able to diffuse on the surface.
Koper et al.®! found that the experimental results can
be explained if the CO mobility on the surface is rela-
tively high.

Besides the promoter effect of Ru through reaction (15),
there is experimental evidence of additional effects of
Ru on the reaction. The potentiodynamic curves (first
sweep) of Figure 18, obtained at PtRu electrodeposits in
the course of DEMS experiments, show a negative shift in
the dissociative adsorption of methanol, depending on the
Ru content of the electrodes. Further evidence of the earlier
adsorption was obtained via infrared spectroscopy and are
presented later. Also, the lowering of the CO adsorption
energy for the alloy can contribute to the catalysts.>!]

For technical applications it is desirable that activating
effects be sustained over long periods of time. Therefore,
the results from basic experiments designed to judge

N
I

Current density (mA cm?)
N
T

Potential (V vs. RHE)

Figure 18. First potential scan in 1.0 M CH;0H + 0.5M H,SO,,
starting at 50mV (RHE); scan rate 1mV s~!. Porous electrodes
prepared by depositing Pt and Ru at 0.2V vs. RHE up to a total
charge of 1200mC, from solutions containing xmM RuCl; and
ymM H,Clg Pt in 0.5M H,SO,4. The x/y ratios are indicated in
each curve.



Methanol and CO electrooxidation 619

and compare the capability of PtRu materials are usually
obtained in the form of current-time curves at constant
potential. An example of i-r data obtained on different
materials is given in Figure 19.13% % Compared to pure
Pt(111), the currents for the alloys are several orders
of magnitude higher. Comparable results are reported by
other authors under similar conditions.®* 3¢ 871 Alloys used
to obtain the data in Figure 19 were sputter cleaned
and careful heated in UHV, following the pre-treatment
technique suggested by Gasteiger ef al.®®! This method
for pre-treating the alloys produces surfaces presenting the
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Figure 19. Current—time curves for comparing the catalytic activ-
ity of Pt(111) and PtRu alloys, towards methanol oxidation in
0.5M CH;30H + 0.1 M HCIQy. Potential 0.5V vs. RHE. Room
temperature, electrodes surfaces cleaned in UHV. (Reproduced
from Hoster et al. (2001)° by permission from the Electrochem-
ical Society.)

same composition as the bulk. Besides this, the surface
state is reproducible and the roughness factor is close
to 1. This statement is supported by the fact that cyclic
voltammograms for UHV cleaned alloys present current
densities of the same order of magnitude as a Pt(111)/Ru
electrode with the same Ru coverage, as expected for
comparable smooth surfaces. %

One intriguing effect is observed on all smooth PtRu
materials: at constant potential in methanol solutions, they
exhibit a decay of current as seen in Figure 19. The corre-
sponding effect by constant current, namely an increase of
overpotential with time, was reported by Hamnett et al.”’%!
In chronoamperometric experiments the current does not
reach a stationary behavior even after several hours. Two
different origins of this effect causing electrode deactivation
have been identified. One of these is reversible and seems to
be caused by the oxidation of the Ru surface,l’* 3% 901 gsince
Ru oxides like RuO, and RuO; are not active as oxygen
donors for CO oxidation. The electrode activity is thus par-
tially recovered by applying a potential step towards more
negative values, where the ruthenium oxides are reduced.
The other factor causing the decay of current is, appar-
ently, a blockage of the surface by some organic residue,
which is slowly formed and can only be oxidized at high
anodic potentials. However, no spectroscopic proofs are yet
available on the nature of such blocking species.

The results of i-t curves obtained at room temperature
for the two types of materials (alloys and Pt(111)/Ru)
are collected in Figure 20, where the current at 0.5V
vs. RHE is plotted as a function of the Ru/Pt surface
composition. It is noteworthy that in spite of the fact that
the data for the alloys in this figure were measured in
two different groups,’® 8 they fit together nicely. Also,
methanol oxidation on the PtRu alloys seems to be identical
for H,SO, and HCIO,, the two electrolytes used. Two
main points can be extracted from this plot: (i) PtRu alloys
are better catalysts than Pt(111)/Ru, and (ii) both materials
present a wide maximum (between ca. 10-40% Ru for
the alloy and ca. 15-50% for the Pt(111)/Ru electrodes)
at room temperature.

In terms of the bi-functional mechanism, these maxima
indicate that a Ru percentage of ca. 10—45% on the surface
is enough to provide an efficient oxidation of adsorbed
methanol residues. For compositions within the maxima,
the quantity of Ru is not a limiting factor for the reaction.
Therefore, within this range it should be possible to study
the influence of other parameters (like, e.g., methanol
concentration) on the reaction. Moreover, this region of
Ru concentrations would be appropriate for studying the
kinetics of the reaction. The upper limit of Ru coverage, on
the other hand, is given by the necessity of having enough
Pt sites for adsorbing and dissociating methanol. This limit
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Figure 20. Plot of the current density for oxidation from current-
time curves at 0.5V as in Figure 19, as function of Ru coverage.
Data for UHV prepared PtRu alloys, obtained at 20 min; data
for Pt(111)/Ru formed by spontaneous adsorption were measured
after 5 min. Solutions: 0.5M H,SO4 4+ 0.5M CH;0H (data from
Ref. [84]), 0.5M CH3;0H + 0.1 M HCIO, (data from Ref. [85]).
(Reproduced from Iwasita er al® © (2000) the American
Chemical Society.)

is somewhat higher for adsorbed Ru than for the alloy
(observe the wider maximum). This and the higher currents
observed on the alloys may be related to the fact that the
latter present a more homogeneous distribution of Ru atoms
than the Pt(111)/Ru electrode. STM data of Pt(111)/Ru
show that Ru tends to form aggregates (islands) on the
surface of Pt.[¥ %1 Thus, for the same Ru percentage,
wider Pt patches can be found on the Pt(111)/Ru surface
than on the alloy. It is noteworthy that with increasing
temperature, the maximum of the j—6g, plot for the alloy
is shifted to somewhat higher 6y, values (Figure 21).[84!
This effect probably originates in the fact that at higher
temperatures (e.g., 60 °C), Ru becomes active for adsorbing
and oxidizing methanol (see the value of current for pure
Ru in Figure 21).

3.7.1 Spectroscopic results of methanol oxidation on
PtRu materials

Further discussion on the Ru promoter effect requires
a consideration of infrared spectroscopy and mass
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Figure 21. Current densities for methanol oxidation at 0.4V in
0.5M CH30H + 0.5M H,SO4 vs. Ru surface composition of
sputter cleaned Pt-Ru alloys. Electrode immersion at 0.075V for
3 min prior to stepping to the indicated potential. Dashed lines are
arbitrarily drawn smooth curves to connect the experimental data
points. (Reproduced from Gasteiger et al. (1994)1%% by permission
from The Electrochemical Society, Inc.)

spectrometry data for PtRu electrodes.®> 33! The spectra of
Figure 22 for the PtRu alloy were obtained on UHV cleaned
surfaces, as for the current time curves of Figure 19. The
bands observed on both Pt(111)Ru and PtRu (85 : 15) alloy
correspond to CO, (2341cm™') and CO; (2050cm™!).
At Pt(111) a band at ca. 1820cm™! is due to bridge
adsorbed (COp). Congruently with the higher currents
observed on the alloys, the PtRu alloy electrode presents
the highest production of CO, at a given potential (note
the differences in scale). In the spectra of Figure 22 it
is also noteworthy that at PtRu the band intensities for
adsorbed CO remain approximately constant although the
CO, production markedly increases with potential. This
fact indicates that the CO intermediate reaches a stationary
coverage, balancing the rates of formation and oxidation.
Although no features for other intermediates or soluble
products were observed under the conditions for taking
the spectra on the PtRu materials shown in Figure 22.
DEMS experiments performed on a PtRu electrode in
1.0M CH;OH® do show the formation of HCOOCH,
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Figure 22. Comparison of in situ FTIR spectra for Pt(111),
Pt(111)/Ru 39% and PtRu alloy (85:15) in 0.5M CH;OH +
0.1 M HCIOy. Potentials as indicated on each spectrum; reference
spectrum taken at 0.05V (from Ref. [85] with added spectra
at 0.55V). (Reproduced from Iwasita et al®™ © (2000) the
American Chemical Society.)

(Figure 23) as a soluble product. Other authors reported
the presence of formaldehyde and formic acid in spec-
tra obtained on PtRu alloys.”!l As previously indicated,
the yields of different products on a Pt electrode depend
on several experimental parameters such as methanol con-
centration and electrode roughness.[®?! So far, IR spectra
on well-prepared PtRu alloys in concentrated methanol
solutions (above 0.5 M) have not been published and the
question on the parallel paths on PtRu should be left open
to further discussion.

4 CONCLUDING REMARKS

In recent years, considerable progress has been made in
the understanding of CO and methanol electrooxidation
reactions and on their catalysis. In spite of its molecular
simplicity, electrooxidation of carbon monoxide is a com-
plex process, depending not only on the surface structure of
the substrate but also on the potential at which the adsorp-
tion occurs. Stripping of a CO monolayer at Pt in pure
supporting electrolyte requires high potentials (0.7-0.8 V).

10.0 - T

j (mA cm™2)

10" jion (A cm2)

0.0 0.4 0.8
(b) Potential (V vs. RHE)

Figure 23. DEMS experiment on PtRu porous electrode in
1.0M CH;0H/0.5M H,SOy; sweep rate: 20mV s~!. Electrode,
electrodeposited Pt and Ru during 7min at 0.05V, on a gold
substrate. Solution for electrodeposit, 10mM RuCl; + 10 mM
H2C16Pt in 0.5M H2$O4.[82]

However, in the presence of dissolved CO and for low
admission potentials (near 0.05 V), the first potential scan of
a CV exhibits high currents starting at ca. 0.25 V. The cur-
rent is shifted to higher anodic potentials in the subsequent
scans, indicating that some irreversible surface transition
occurs in the CO adlayer during the first incursion to higher
positive potentials.

Bulk CO oxidation on Pt is catalyzed by nonmetal
adatoms such as S, Se, Te, up to high degrees of coverage
by the adatom. The catalytic effect increases with increasing
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adatom electronegativity. However, none of these adatoms
catalyses methanol oxidation.

As for other small organic molecules, parallel pathways
occur during methanol oxidation. In addition to CO, which
is the major product at low potentials and low concen-
trations, formic acid (methyl formate) and formaldehyde
are other soluble reaction products, their yields depending
on experimental conditions such as surface roughness and
methanol concentration.

In spite of noticeable structural effects on the Pt surface,
which are reflected on the amount and rate of surface
blocking by CO, comparable “quasi-stationary” rates of
CO, production are observed at Pt(111) and Pt(110) in the
potential region between ca. 0.4V and 0.8 V. This result,
which is valid for CH;OH concentrations >0.3 M, indicates
that the rate-determining process for the 6e™ reaction is the
oxidation of the adsorbed species and not the adsorption of
methanol.

At room temperature PtRu alloys with a Ru content
between 10% and 40% are, at present, the best catalysts
for the reaction. This is probably due to a good distribution
of Pt and Ru atoms as compared to other materials where
the atoms tend to segregate forming patches of pure Ru
or Pt, thus physically separating the bi-functional partners.
Experimental data show that the mechanism of catalysis
is not due only to a bi-functional action of both metals.
Other effects, such as lowering the potential for methanol
adsorption also seem to be of importance.

Some deactivation effects are observed during polariza-
tion at constant potential on smooth electrodes, the origin
of these probably being the formation of inactive ruthenium
oxides and blockage of the surface by organic residues of
unknown nature.
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