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13.1 INTRODUCTION

The electrocatalytic oxidation of small organic C1 molecules has attracted considerable
interest in the last two decades, both from fundamental science aspects and because of
their potential application as energy carriers in fuel cells, such as direct methanol fuel
cell (DMFCs) and direct formic acid fuel cells (for reviews, see Lamy et al. [1983];
Parsons and VanderNoot [1988]; Sun [1998]; Jarvi and Stuve [1998]; Feliu and
Herrero [2003]). The electro-oxidations of formaldehyde and formic acid are of
direct interest also for the methanol oxidation reaction (MOR) in DMFCs, since it
has repeatedly been demonstrated experimentally, both in studies on model systems
[Gromyko et al., 1976; Petukhova et al., 1977; Ota et al., 1984; Shibata and Motoo,
1986; Shibata et al., 1987; Iwasita and Vielstich, 1986; Korzeniewski and Childers,
1998; Childers et al., 1999; Wang et al., 2001a, b; Jusys and Behm, 2001; Jusys
et al., 2002a, b, 2003; Batista et al., 2003; Gao et al., 2004; Jambunathan et al.,
2004] and in measurements at the exhaust of an operating DMFC [Wasmus
et al., 1995; Lin et al., 1997; Sanicharane et al., 2002; Tkach et al., 2004; Seiler
et al., 2004; Neergat et al., 2006], that these incomplete methanol oxidation products
are produced as reaction intermediates or side products during methanol oxidation.
A close connection between methanol oxidation and formaldehyde and formic acid
oxidation had already been predicted in the classical reaction scheme of Bagotzky
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et al. (1977), where the process of methanol dehydrogenation and electro-oxidation to
CO2 was described schematically by the following sequence of reaction steps:

CH3OH �! CH2OH �! CHOH �! COH

# # #
CH2O �! CHO �! CO

# #
HCOOH �! COOH

#
CO2

In this reaction scheme, each step includes the release of one electron on the one hand
and the release of a proton or the uptake of a hydroxyl anion—via water uptake and
proton release—on the other. The educt (methanol), final product (CO2), and stable
incomplete oxidation products (formaldehyde and formic acid) are indicated here in
bold to distinguish them from other possible intermediate species adsorbed on the elec-
trode surface. Since both formaldehyde and formic acid can undergo further oxidation,
the product distribution resulting from methanol oxidation (and in a similar way also for
formaldehyde oxidation) will depend not only on the respective reaction rates for the
formation and further oxidation of these species (formaldehyde and formic acid),
but also on transport characteristics of the reaction cell and the catalyst layer/electrode
surface [Jusys et al., 2003]. Desorption and rapid removal of stable, volatile reaction
intermediates (incomplete oxidation products) will increase their contribution to the
product distribution, while the slow, diffusion-controlled removal of these species
(e.g., due to slow electrolyte flow) or an increased tendency for re-adsorption (e.g.,
by an increased electrode surface/porosity) will decrease their contribution and
favor complete oxidation to CO2 [Jusys et al., 2003]. These predictions are supported
by a number of observations, for instance, by comparing product distributions
measured in model studies with those determined at the exhaust of DMFCs or direct
ethanol fuel cells (DEFCs) [Wasmus et al., 1995; Sanicharane et al., 2002; Tkach
et al., 2004; Seiler et al., 2004; Neergat et al., 2006; Rao et al., 2007], or by comparison
of product yields for different electrode roughnesses [Ota et al., 1984], catalyst loadings
[Childers et al., 1999; Jusys et al., 2003; Bergamaski et al., 2006; Gavrilov et al., 2007;
Islam et al., 2007], reactant concentrations [Wang et al., 2001a; Camara and Iwasita,
2005; Wang et al., 2004], or electrolyte flow rates [Wang et al., 2001a]. Further
mechanistic information has come from studies investigating the influence of
crystallographic orientation [Wang et al., 2001a; Sun and Clavilier, 1987; Shin et al.,
1996; Tarnowski and Korzeniewski, 1997; Sriramulu et al., 1998; Jarvi et al., 1998;
Cuesta, 2006; Housmans et al., 2006; Nakamura et al., 2007; Spendelow et al.,
2007], adsorbed anions [Batista et al., 2003, 2004], or composition of bimetallic cata-
lysts [Shibata et al., 1987; Jusys et al., 2002a, b; Gao et al., 2004; Islam et al., 2007;
Entina et al., 1967; Watanabe and Motoo, 1975; Sun et al., 1988; Gasteiger et al.,
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1993, 1994; Iwasita et al., 1994; Schmidt et al., 1999a; Lima et al., 2001; Jusys et al.,
2002a, b; Ge et al., 2001; Basnayake et al., 2006].

More quantitative predictions of the reaction characteristics require a detailed
understanding of the oxidation kinetics of the different C1 molecules, and in particular
of the product distribution in the respective oxidation reactions under defined reaction
conditions and, most importantly, under defined transport conditions. The latter affect
both the delivery of educts and the removal of products and side products (incomplete
oxidation products). This is the topic of the present study, where we have investigated
the reaction kinetics and product distribution for the oxidation of the C1 molecules
methanol, formaldehyde, and formic acid by comparative differential electrochemical
mass spectrometry (DEMS) measurements under well-defined, but nevertheless
close-to-realistic conditions and materials (supported catalyst, and continuous and
controlled reactant transport). In contrast to purely electrochemical measurements,
DEMS allows one to directly detect the volatile reaction products CO2 and methyl
formate. The latter is produced in proportion to the formic acid concentration and
results from reaction between the reactant methanol and formic acid (see the next
section). Formaldehyde formation is determined as the difference between the total
faradaic current and the partial currents for CO2 and formic acid formation, assuming
that these are the only products contributing to the faradaic current. Defined transport
conditions were achieved by using (i) a thin-layer flow cell DEMS setup [Jusys et al.,
1999, 2001] and (ii) thin-film electrodes with negligible internal diffusion resistance
[Schmidt et al., 1998]. The first results of this study, focusing on the adsorption and
oxidation of methanol on a carbon-supported Pt (Pt/C) fuel cell catalyst [Jusys and
Behm, 2001] and on the effect of Pt catalyst loading on the MOR product yields
[Jusys et al., 2003] were reported previously; additional measurements on unsup-
ported Pt and PtRu nanoparticle catalysts were published in [Jusys et al., 2002a, b].

There are a number of excellent reviews of the numerous studies on methanol
oxidation on Pt electrodes and catalysts [Lamy et al., 1983; Parsons and VanderNoot,
1988; Sun, 1998; Jarvi and Stuve, 1998; Cohen et al., 2008; Iwasita, 2002, 2003].
Most importantly, these studies showed the formation of formaldehyde and formic
acid as incomplete oxidation products, in addition to the complete oxidation product
CO2. These species were detected by chemical analysis [Petukhova et al., 1977; Ota
et al., 1984; Korzeniewski and Childers, 1998; Childers et al., 1999; Batista et al.,
2003, 2004], transmission infrared (IR) spectroscopy [Gao et al., 2004; Islam et al.,
2007], and online mass spectrometric analysis [Iwasita and Vielstich, 1986; Wang
et al., 2001a, b; Jusys et al., 2002a, b; Housmans et al., 2006; Iwasita, 2002, 2003;
Wonders et al., 2006; Wang and Baltruschat, 2007], while adsorbed reaction intermedi-
ates (mainly COad) were detected by in situ techniques such as IR spectroscopy
[Sanicharane et al., 2002; Tkach et al., 2004; Sun and Clavilier, 1987; Nakamura
et al., 2007; Christensen et al., 1988; Perez et al., 1994; Fan et al., 1996; Xia
et al., 1997; Waszczuk et al., 2001; Zhu et al., 2001; Park et al., 2002a; Coutanceau
et al., 2002; Yajima et al., 2004], nuclear magnetic resonance (NMR) [Rice et al.,
2000], or radiotracer [Waszczuk et al., 2001; Coutanceau et al., 2002; Sobkowski
and Wieckowski, 1972; Kazarinov et al., 1975] methods. In addition to these exper-
imental studies, the dehydrogenative adsorption/oxidation of methanol on a Pt(111)
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surface was investigated theoretically [Desai et al., 2002; Greeley and Mavrikakis,
2002, 2004; Okamoto et al., 2003; Cao et al., 2005; Taylor and Neurock, 2005;
Hartnig and Spohr, 2005; Hartnig et al., 2007b]. It had already been proposed in the
early 1970s [Capon and Parsons, 1973a, b, c] that formic acid oxidation can proceed
via different pathways (the “dual-pathway mechanism”), where one pathway, the “indir-
ect pathway,” includes formation and subsequent oxidation of COad, while the other, the
“direct pathway,” does not involve COad formation, but proceeds in another, often unspe-
cified, way directly to CO2 (see also Fig. 13.8a). A similar dual-pathway mechanism was
proposed later also for methanol oxidation [Parsons and VanderNoot, 1988; Jarvi and
Stuve, 1998; Leung and Weaver, 1990; Lopes et al., 1991; Herrero et al., 1994, 1995].
It should be noted that in these earlier studies, both pathways were assumed to lead to
CO2 as final product, whereas in some later studies, the formation and desorption of
the incomplete oxidation products formaldehyde and formic acid was considered as
the second pathway [Cao et al., 2005] (see also the discussion in Section 13.4.1).
Based on in situ IR and DEMS observations, COH [Xia et al., 1997; Iwasita et al.,
1987, 1992; Iwasita and Nart, 1997], CHO [Willsau and Heitbaum, 1986; Wilhelm
et al., 1987], COOH [Zhu et al., 2001], and HCOO [Chen et al., 2003] have been pro-
posed as possible adsorbed reaction intermediates. The role of the last of these as a reac-
tive intermediate [Chen et al., 2003] is still under debate [Nakamura et al., 2007].

Formic acid oxidation on Pt catalysts and metal electrodes has equally been inten-
sively studied, for example, by Parsons and co-workers and by other groups
[Parsons and VanderNoot, 1988; Capon and Parsons, 1973; Anastasijevic et al.,
1989; Wolter et al., 1985; Sun et al., 1988, 1994; Iwasita et al., 1994; Pastor
et al., 1996; Xia, 1999; Sun and Yang, 1999; Schmidt et al., 2000; Yang and
Sun, 2002; Jiang and Kucernak, 2002; Okamoto et al., 2004]. Detailed reviews
are given in [Jarvi and Stuve, 1998; Markovic and Ross, 2002]. As mentioned
abovee, a dual-pathway mechanism was proposed, involving a direct oxidation
path via a reactive intermediate (the direct pathway) in addition to oxidation via
decomposition to COad and its subsequent oxidation (the indirect pathway) (see
also Fig. 13.8a) [Parsons and VanderNoot, 1988; Sun et al., 1988; Iwasita et al.,
1996; Lu et al., 1999; Miki et al., 2002; Samjeské and Osawa, 2005; Chen et al.,
2006a, b, c]. An adsorbed bridge-bonded formate was detected during the reaction
by in situ IR spectroscopy studies in an attenuated total reflection (ATR) configuration
[Miki et al., 2002; Samjeské and Osawa, 2005; Chen et al., 2006a, b, c; Samjeské
et al., 2005, 2006]. This species was proposed to act as active reaction intermediate
[Miki et al., 2002; Samjeské and Osawa, 2005; Samjeské et al., 2005, 2006].
Based on a quantitative evaluation of spectro-electrochemical data for formic acid oxi-
dation over a Pt film electrode, which were measured under continuous mass transport
conditions as a function of formic acid concentration [Chen et al., 2006a, b] and reac-
tion temperature [Chen et al., 2006c], we favored the direct dehydrogenation of formic
acid to CO2 as the major pathway, rather than a pathway via the adsorbed formate
species detected by IR spectroscopy. This interpretation, where the IR-detected
adsorbed formates act as “spectator species” rather than as reactive intermediates,
was also supported by recent density functional theory (DFT) calculations [Hartnig
et al., 2007a].
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Formaldehyde electro-oxidation has been studied much less extensively compared
with methanol and formic acid oxidation [Breiter, 1967; Loucka and Weber, 1968;
Sidheswaran and Lal, 1971; Spasojevic et al., 1980; Beltowska-Brzezinska and
Heitbaum, 1985; Napporn et al., 1995; Nakabayashi, 1998; Nakabayashi et al.,
1998; Mishina, et al., 2002; Okamoto et al., 2005; Mai et al., 2005; Batista and
Iwasita, 2006; Samjeské et al., 2007; de Lima et al., 2007]. This may partly be related
to experimental problems: formaldehyde disproportionates to methanol and formic
acid in the absence of methanol (the Canizzarro reaction). Furthermore, a technical
application of formaldehyde as a fuel had not been anticipated, because of its toxicity.
The latter point is also important for DMFC applications, where formaldehyde emis-
sions should be avoided. In potentiodynamic measurements, formaldehyde oxidation
was found to start at significantly more positive potentials than methanol oxidation,
and adsorption of formaldehyde equally results in a reaction-inhibiting CO adlayer
[Sun, 1998; Olivi et al., 1994; Miki et al., 2004; Chen et al., to be published].
Formic acid formation during formaldehyde oxidation was reported and quantified
[Batista and Iwasita, 2006]. Formate species were detected upon formaldehyde
oxidation on Group 1b metals in alkaline solution [Anastasijevic et al., 1993; Jusys,
1994; ten Kortenaar et al., 1999, 2001; Stadler et al., 2002] and as adsorbed species
on Pt electrodes in acidic solution [Miki et al., 2004; Chen et al., to be published].
On the latter substrates [Samjeské et al., 2007], they were proposed to act as reaction
intermediates [Miki et al., 2004], similar to methanol oxidation [Chen et al., 2003] and
formic acid oxidation [Miki et al., 2002; Samjeské et al., 2007].

In the following, after a brief description of the experimental setup and procedures
(Section 13.2), we will first focus on the adsorption and on the coverage and compo-
sition of the adlayer resulting from adsorption of the respective C1 molecules at a
potential in the Hupd range as determined by adsorbate stripping experiments
(Section 13.3.1). Section 13.3.2 deals with bulk oxidation of the respective reactants
and the contribution of the different reaction products to the total reaction current
under continuous electrolyte flow, first in potentiodynamic experiments and then in
potentiostatic reaction transients, after stepping the potential from 0.16 to 0.6 V,
which was chosen as a typical reaction potential. The results are discussed in terms
of a mechanism in which, for methanol and formaldehyde oxidation, the commonly
used dual-pathway mechanism is extended by the possibility that reaction intermedi-
ates can desorb as incomplete oxidation products and also re-adsorb for further oxi-
dation (for the formic acid oxidation mechanism, see [Samjeské and Osawa, 2005;
Chen et al., 2006a, b; Miki et al., 2004]).

13.2 EXPERIMENTAL

The DEMS setup and experimental procedures used in this study were the same as
described in more detail elsewhere [Jusys et al., 2001]. Briefly, the DEMS setup
consisted of two differentially pumped chambers, a Balzers QMS 112 quadrupole
mass spectrometer (MS), a Pine Instruments potentiostat, and a computerized data
acquisition system.
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The electrochemical measurements were performed in parallel to online mass spec-
trometry measurements using a dual thin-layer flow cell [Jusys et al., 1999]. The
second thin-layer compartment was interfaced to the MS inlet through a porous mem-
brane (Scimat, 60 mm thick, 50% porosity), and interconnected via four capillaries
with the first thin-layer compartment. The latter was designed to accommodate a
glassy carbon disk (9 mm in diameter, Sigradur G from Hochtemperatur Werkstoffe
GmbH), on which a thin layer of the carbon-supported Pt catalyst (E-TEK Inc., Pt par-
ticles supported on carbon Vulcan XC 72, 20 wt% Pt, mean Pt particle size 3.0 nm
[Jusys et al., 2003], Pt loading 7 mg cm22, catalyst film diameter 6 mm) was deposited
by successive pipetting–drying cycles of aqueous catalyst suspension and Nafion
solution, respectively [Jusys et al., 2003; Schmidt et al., 1998]. Two Pt wires were
used as counter-electrodes in the thin-layer cell. A saturated calomel electrode
(SCE) connected to the outlet of the DEMS cell through the Teflon capillary served
as a reference electrode. All potentials are quoted, however, with respect to that of
the reversible hydrogen electrode (RHE).

The CO2 signal was calibrated by comparing against the well-known amount of
CO2 formation produced during oxidation of a saturated CO adlayer (“CO stripping”)
[Jusys et al., 2001], determining the calibration constant K� between the two signals
via the relation

K� ¼ zQMS=QF (13:1)

where QMS and QF are the mass spectrometric and the faradaic charge, respectively,
and z ¼ 2 is the number of electrons per COad molecule oxidized to CO2.
Alternatively, for calibration of the CO2 production in bulk reactions, the potentiostatic
oxidation of formic acid was used for comparison. In this reaction, CO2 formation is
the only reaction pathway (two-electron reaction). The methyl formate signal was
calibrated by evaluating the product distribution (CO2 and formic acid yields)
during methanol oxidation at high catalyst loadings, where formaldehyde production
is negligible [Ota et al., 1984; Childers et al., 1999; Jusys et al., 2003]. The partial
current for formaldehyde formation was calculated from the difference between the
calculated faradaic currents (integrated charges in potentiodynamic measurements)
for CO2 and formic acid formation on the one hand and the measured faradaic current
(charge) on the other, assuming that these three are the only reaction products [Wang
et al., 2001a; Jusys et al., 2003].

The supporting electrolyte (0.5 M sulfuric acid) was prepared using Millipore Milli
Q water and ultrapure sulfuric acid (Merck, suprapur), and deaerated by high purity Ar
(MTI Gase, N 6.0). For adsorbate stripping experiments, the respective reactant
was pre-adsorbed at a constant electrode potential for about 10 minutes, after inserting
2 mL of 0.5 M H2SO4 solution saturated either with CO (COad saturation) or with
a 10% CO in Ar mixture (COad submonolayer coverage) (CO: Messer-Griesheim,
N 4.7), or a similar amount of electrolyte containing 0.1 M of the corresponding C1

species (methanol, formaldehyde, or formic acid) by an all-glass syringe through a
separate port. Subsequently, the cell was carefully flushed (10 minutes) by the support-
ing electrolyte at the adsorption potential, and then the adsorbate stripping experiment
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was performed. The potentiodynamic bulk oxidation data represent cycles taken
during continuous cycling. For potentiostatic bulk oxidation, the potential was first
stepped to 1.16 V for 1 s to oxidize adsorbed species, then lowered to 0.16 V for 3
minutes to accumulate an adlayer comparable to that before the adsorbate stripping
experiments, and finally stepped to the reaction potential of 0.6 V. These experiments
were carried out in 0.5 M H2SO4 solution containing 0.1 M of methanol (Merck, p.a.),
formaldehyde (Alfa Aesar, 16 wt% aqueous formaldehyde solution, methanol-free) or
formic acid (Merck, p.a.). All solutions were deaerated by high purity Ar (MTI Gase,
N 6.0) prior to the measurements.

13.3 RESULTS AND DISCUSSION

13.3.1 Pre-Adsorbed Residue Stripping

In this section, we will present and discuss cyclic voltammetry and potential-step
DEMS data on the electro-oxidation (“stripping”) of pre-adsorbed residues formed
upon adsorption of formic acid, formaldehyde, and methanol, and compare these
data with the oxidative stripping of a CO adlayer formed upon exposure of a Pt/
Vulcan catalyst to a CO-containing (either CO- or CO/Ar-saturated) electrolyte as
reference. We will identify adsorbed species from the ratio of the mass spectrometric
and faradaic stripping charge, determine the adsorbate coverage relative to a saturated
CO adlayer, and discuss mass spectrometric and faradaic current transients after
adsorption at 0.16 V and a subsequent potential step to 0.6 V.

13.3.1.1 Potentiodynamic Electro-Oxidation of Adsorbed Species
Figure 13.1 shows representative faradaic (a) and m/z ¼ 44 (b) current responses of a
Pt/Vulcan electrode during oxidative stripping of the adsorbate formed upon exposure
to solutions saturated with CO (solid lines), or containing 0.1 M HCHO (dashed lines),
HCOOH (dash–dotted lines) or CH3OH (dash–double-dotted lines) (adsorption par-
ameters: 0.11 V, 10 minutes). In addition to the positive-going scan of the electrode
potential in the same electrolyte, a subsequent base cyclic voltammogram (CV) in
the supporting electrolyte is shown as a dotted line. The faradaic current peak for
pre-adsorbed COad monolayer stripping (adsorbed from CO-saturated solution: solid
line in Fig. 13.1a) is centered at about 0.77 V. The mass spectrometric signal (solid
line in Fig. 13.1b) largely reproduces the faradaic current signal, except for the contri-
butions from double-layer charging and Pt oxidation. (Note that the corresponding
mass spectrometric current peak is shifted by about 0.02 V to more positive potential
owing to the time delay between product formation and detection of about 2 s in the
dual thin-layer flow cell.) Very small amounts of CO2 formed at potentials positive
of 1.0 V (Fig. 13.1b) are attributed to oxidation of the carbon support [Roen et al.,
2004; Willsau and Heitbaum, 1984]. This assignment, which contrasts with the
interpretation in a recent IR spectroscopic study [Maillard et al., 2004b], is based
on our observation of similar amounts of CO2 formation also during a base CV.
From the COad stripping charge (two-electron reaction), which is about twice as
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much as that for hydrogen monolayer adsorption (one-electron reaction) in the sub-
sequent base CV (Fig. 13.1a, dotted line), the coverage of the saturated CO adlayer
on Pt/Vulcan is about 0.75 monolayers (ML) [Jusys and Behm, 2001], assuming
an Hupd coverage of 0.77 ML at the onset of bulk hydrogen evolution and an Hupd

monolayer charge of 0.21 mC cm22 for polycrystalline Pt [Biegler et al., 1971].
This value agrees well with results reported previously [Jusys et al., 2001, 2003].

Oxidation of the adsorbed species resulting from interaction with formaldehyde,
formic acid, and methanol, respectively, leads to stripping peaks that are downshifted
to more negative potentials. Furthermore, the adsorbate coverage is significantly lower

Figure 13.1 Electrooxidation of COad and C1 adsorbate layers pre-adsorbed on a Pt/Vulcan
thin-film electrode (7 mgPt cm22, geometric area 0.28 cm2) in 0.5 M H2SO4 solution during a
first positive-going potential scan, and subsequent response of the faradaic (a) and m/z ¼ 44
ion current (b) to the electrode potential in the thin-layer DEMS flow cell. The potential scan
rate was 10 mV s21 and the electrolyte flow rate was 5 mL s21, at room temperature. The respect-
ive adsorbates were adsorbed at 0.11 V for 10 minutes from CO-saturated solution (solid line),
0.1 M HCHO solution (dashed line), 0.1 M HCOOH solution (dash–dotted line), and 0.1 M
CH3OH solution (dash–double-dotted line).
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compared with a saturated CO adlayer (Fig. 13.1a). Correspondingly, the oxidation of
adsorbed hydrogen in the potential range 0.06–0.3 V during the positive-going scan is
less suppressed than for saturated CO adlayer stripping. The numbers of electrons
formed per CO2 molecule are summarized in Table 13.1. Based on the number of
about 2 electrons per CO2 product molecule, the stable, adsorbed residues developed
upon dehydrogenative adsorption of the three C1 molecules are predominantly COad

species. The somewhat higher value (about 2.4 e2molecule21) determined for
formic acid adsorbate oxidation, which was obtained in a number of experiments,
might point to contributions from a non-COad adsorbate requiring 3 electrons per CO2

molecule formation (e.g., COH), as had been proposed previously [Willsau and
Heitbaum, 1986]. Considering the error margin in these experiments of about +0.3
electron per CO2 molecule, however, the deviation is still close to the precision of
these measurements, and thus is not considered as proof for any other type of adsorbate
than COad.

The conclusion that COad represents the only stable adsorbate after interaction with
these three C1 molecules is supported also by the findings in previous in situ IR
studies, where adsorbed CO was detected as the only stable adsorbate on various Pt
surfaces, including single-crystal surfaces, after adsorption of methanol, formic
acid, or formaldehyde over a wide potential range (�0.6 V) [Xia et al., 1997;
Waszczuk et al., 2001; Rice et al., 2000; Iwasita and Nart, 1997; Beden et al.,
1981; Nichols and Bewick, 1988; Hamnett et al., 1990; Park et al., 2002]. Similar
results were also obtained very recently from highly sensitive in situ IR measurements
on a Pt film electrode in an ATR-IRS configuration [Chen Y-X, et al., to be published].
Despite their high surface sensitivity, these measurements did not show any indication
of other stable adsorbates after removal of the reactant solution. It should be noted that
in early DEMS studies on porous Pt electrodes, values of about 3 electrons per CO2

product molecule were found for both methanol and formic acid adsorbate oxidation
[Willsau and Heitbaum, 1986; Wolter et al., 1985; Willsau et al., 1985]. Most plausi-
bly, the higher values can be explained by an incomplete removal of the respective
reactants from the porous layer after electrolyte exchange [Jusys and Behm, 2001],
and/or variations in the collection efficiency [Wolter and Heitbaum, 1984], which
can occur for very high CO2 formation rates on these porous electrodes.

TABLE 13.1 Number of Electrons per Resulting CO2 Molecule Required for
Oxidizing the Stable Adsorbed Decomposition Product from Adsorption of C1

Molecules to CO2, and C1 Adsorbate Coverage Relative to that of a Saturated CO
Adlayer after Adsorption of C1 Reactantsa

COad from Moleculesb C1 ne+0.3 uCO,rel+ 0.02 uCO,rel+ 0.05

HCHO 1.9 0.87 0.70
HCOOH 2.4 0.36 0.47
CH3OH 2.1 0.10 0.22

aAs determined from potentiodynamic (data from Fig. 13.1, adsorption potential 0.11 V) and potentiostatic
(data from Fig. 13.2c, adsorption potential 0.16 V) stripping experiments.
bc ¼ 0.1 M, Ead ¼ 0.11 V, 10 minutes.
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The COad coverages resulting from 10-minute interaction with formaldehyde,
formic acid and methanol containing solution at 0.11 V were determined by compar-
ing with the mass spectrometric charges for CO2 obtained for saturated CO adlayer
stripping. Under present adsorption conditions, the COad coverages correspond to
about 87% (formaldehyde), 36% (formic acid), and 10% (methanol), respectively,
of that of a saturated CO adlayer (see Table 13.1), i.e., they are significantly lower
than after CO adsorption. It is important to note that the shift of the adsorbate stripping
peak to lower potentials compared with COad stripping cannot be explained by the
reduced adsorbate coverage, since in a previous study on similar Pt/C catalysts, the
coverage dependence of the COad stripping peak after exposure to different amounts of
CO was found to be marginal (,40 mV at 15% of the COad saturation coverage) [Behm
and Jusys, 2006]. Other effects, originating, for example, from a different structure
and/or lateral distribution of the adlayer, must contribute as well, and are dominant.

Similar trends to much lower COad coverages upon adsorption of methanol,
compared with formaldehyde and formic acid adsorption, at potentials in the Hupd

region were found in recent in situ IR spectroscopy [Park et al., 2002] and DEMS
[Lanova et al., 2006] measurements on Pt/Vulcan (adsorption potentials 0.06 V
[Park et al., 2002] and 0.3 V [Lanova et al., 2006], respectively) and on Pt films
[Chen et al., unpublished results] (adsorption potential 0.06 V). Other studies, in con-
trast, reported significantly higher adsorbate coverages, up to 60% of COad saturation,
for methanol adsorption on a Pt/Vulcan catalyst in the Hupd region [Rice et al., 2000].
The discrepancy between the latter study on the one hand and our as well as other
results on the other may be due to the much longer adsorption time in the experiments
in [Rice et al., 2000]. While slow adsorption of additional methanol cannot be ruled
out, such long-term adsorption experiments can also be affected by adsorption of
trace impurities present in the reactant. Similarly, even very slow oxidation of methanol
to formaldehyde at low potentials [Korzeniewski and Childers, 1998], and subsequent
adsorption of the resulting formaldehyde, could contribute to long-term adsorption
experiments in a stagnant electrolyte.

The pronounced difference in COad saturation coverage obtained upon interaction
with methanol-, formaldehyde-, or formic acid-containing solution under present reac-
tion conditions (see Table 13.1) is attributed to a different influence of adsorbed Hupd

species on the probability of dehydrogenation of the three C1 reactants, which are most
likely related to different spatial requirements for the dehydrogenation step [Desai
et al., 2002; Greeley and Mavrikakis, 2002, 2004; Okamoto et al., 2003; Cao et al.,
2005; Taylor and Neurock, 2005; Hartnig and Spohr, 2005]. Potential-dependent
measurements for C1 adsorption on Pt/C [Jusys and Behm, 2001] indeed showed a
pronounced increase in COad coverage with decreasing Hupd coverage for methanol
adsorption, while, for formaldehyde adsorption, the resulting COad coverage is prac-
tically independent of the adsorption potential and thus of the Hupd coverage
[Chen et al., unpublished results]. Hence, formaldehyde adsorption/decomposition
is not inhibited by a Hupd adlayer, and can lead to a displacement of the Hupd

adlayer by the resulting COad. Formic acid dehydrogenation to COad is between the
two cases of methanol dehydrogenation and formaldehyde dehydrogenation (for a
quantitative evaluation and discussion, see [Chen et al., 2006a, b, c]).

420 A COMPARATIVE QUANTITATIVE DEMS STUDY



These trends agree well with recent theoretical studies, which found that several
neighboring (three) Pt atoms are required for methanol dehydrogenation [Desai
et al., 2002; Greeley and Mavrikakis, 2002, 2004; Okamoto et al., 2003; Cao et al.,
2005], while these requirements are less stringent for formaldehyde dehydrogenation
[Desai et al., 2002; Greeley and Mavrikakis, 2002].

13.3.1.2 Potential-Step Electro-Oxidation of Adsorbed Species
Additional information on the adsorbate layer resulting from adsorption of the
different C1 reactants is obtained from potential step oxidation transients, recorded
after adsorption of the respective reactants at a potential in the Hupd regime (10 minutes
at 0.16 V), subsequent electrolyte exchange, and finally a potential step to 0.6 V.
Figure 13.2 shows faradaic (Fig. 13.2a) and m/z ¼ 44 mass spectrometric
(Fig. 13.2b) current transients measured during oxidation of the adlayer at 0.6 V.
For comparison, we also include similar transients recorded after COad adsorption
from a CO-containing supporting electrolyte and a control experiment performed
with a clean Pt/C catalyst in pure supporting electrolyte. The insets show the corre-
sponding current transients on an expanded time scale, during the first 2–3 minutes.
(For better separation, the current transients in the insets are progressively shifted by
30 s against each other.)

The control experiment in pure supporting electrolyte (dotted lines in Fig. 13.2)
shows a sharp faradaic current spike, which is mainly due to pseudocapacitive contri-
butions (adsorption of (bi)sulfate and rearrangement of the double layer) plus oxidation
of adsorbed Hupd (dotted lines in Fig. 13.2a), but no measurable increase in the CO2

partial pressure (m/z ¼ 44 current) above the background level (dotted lines in
Fig. 13.2b). Therefore, a measurable adsorption of trace impurities from the base elec-
trolyte can be ruled out on the time scale of our experiments. Moreover, this experiment
also demonstrates the advantage of mass spectrometric transient measurements
compared with faradaic current measurements, since the initial reaction signal is not
obscured by pseudocapacitive effects and the related faradaic current spike.

The initial current spike appears as a dominant feature also in the faradaic current
transients obtained upon oxidation of pre-adsorbed CO and of the adsorbates resulting
from adsorption of C1 molecules. For oxidation of a saturated CO adlayer (CO adsorp-
tion from a CO-saturated electrolyte), the faradaic current decays within about 30 s to
0.5 mA and remains approximately constant for about 3 minutes (solid lines in
Fig. 13.2a). Later on, the faradaic current increases slowly, passes through a maximum
value of about 1.2 mA about 10 minutes after the potential step, and then decreases
again to zero. The characteristic shape of the CO oxidation transient recorded
during oxidation of a saturated CO adlayer (CO adsorption from a CO-saturated
electrolyte), with a pronounced induction period after the initial current spike and a
distinct oxidation peak, closely resembles previous observations on supported Pt/C
catalysts [Lanova et al., 2006; Friedrich et al., 2000; Gustavsson et al., 2004;
Maillard et al., 2004a, 2005; Arenz et al., 2005] and solid Pt electrodes
[Santos et al., 1991; Petukhov et al., 1998; Koper et al., 1998; Bergelin et al., 1999;
Korzeniewski and Kardash, 2001; Lebedeva et al., 2002; Heinen et al., 2007]. For
oxidation of formaldehyde adsorbate, the current transient still shows a distinct
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oxidation peak after the initial current spike, which appears, however, already at much
shorter time, after about 50 s. For oxidation of the formic acid adsorbate, the distinct
main peak is replaced by a broader tail at the shoulder of the initial current spike,
extending over about 30 s, and for methanol adsorbate oxidation, the main oxidation

Figure 13.2 Potential-step electrooxidation of pre-adsorbed COad and C1 adsorbate adlayers
on a Pt/Vulcan thin-film electrode (7 mgPt cm22, geometric area 0.28 cm2) in 0.5 M H2SO4

solution: faradaic (a), m/z ¼ 44 ion current (b), and COad coverage (c) transients stepping
the potential from 0.16 to 0.6 V in a thin-layer DEMS flow cell. The electrolyte flow rate was
5 mL s21, at room temperature. CO was pre-adsorbed at 0.16 V for 10 minutes from CO-
saturated solution (solid lines), 0.1 M HCHO solution (dashed lines), 0.1 M HCOOH solution
(short-dashed lines), and CH3OH (dash–dotted lines). Insets in (a) and (b) show the correspond-
ing initial faradaic (a) and m/z ¼ 44 ion (b) current transients progressively shifted by 30 s.
Dotted lines in (a) and (b) show background (bckg) signals recorded on the adsorbate-free
Pt/C catalyst upon a potential step from 0.16 to 0.6 V in 0.5 M H2SO4 solution.
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peak fully overlaps with the initial current spike and can hardly be separated.
Furthermore, the methanol adsorbate oxidation peak is much narrower compared
with the other adsorbate oxidation peaks.

The identification of the actual adlayer oxidation process is much simpler in the
mass spectrometric signals (Fig. 13.2b) than from the faradaic current transients. In
all cases, the sharp initial spike is absent, confirming that this is due to pseudocapaci-
tive contributions (see above). For constant potential oxidation of a saturated CO
adlayer (CO pre-adsorption), the transient shows a small initial peak, which, however,
is much smaller and also wider than the sharp spike in the faradaic current peak.
Therefore, the onset of COad oxidation upon the potential step cannot be followed
via the faradaic current, because of the above-mentioned capacitive contributions,
which are often overlooked [Maillard et al., 2004a, 2005; Arenz et al., 2005; Santos
et al., 1991; Petukhov et al., 1998; Koper et al., 1998; Lebedeva et al., 2002;
Andreaus et al., 2006; Andreaus and Eikerling, 2007]. The subsequent induction
period and the bell-shaped COad oxidation peak resemble the features observed in
the faradaic current. The observation of small amounts of COad oxidation right
upon the potential step (instantaneous COad oxidation) agrees well with previous
findings for COad oxidation on nanostructured Pt/C model catalysts [Gustavsson
et al., 2004] and on Pt film electrodes [Heinen et al., 2007]. Also, the other transients
(C1 adsorbate oxidation transients) largely resemble the faradaic current transients,
with the exception of the initial current spike, which is absent in the mass spectro-
metric transients. Because of the increasing overlap of the initial current spike with
the actual adsorbate oxidation peak in the faradaic current signal, the mass spectro-
metric current transients allow a much better identification and quantification of the
adsorbate oxidation current. Furthermore, exact evaluation of COad coverage from
the following transient is hardly possible, owing to the capacitive contribution to
the measured faradaic current from anion re-adsorption upon removal of COad

[Heinen et al., 2007]. By integrating the mass spectrometric CO2 signal, we deter-
mined the initial COad coverages and their decay during the transient measurements
[Gustavsson et al., 2004; Heinen et al., 2007]. The COad coverage at a given
moment is calculated as the (integrated) saturation coverage minus the ratio of inte-
grated ion current to the total mass spectrometric charge. (This evaluation is based
on the assumption that COad is the only stable adsorbed species resulting from C1 mol-
ecule adsorption; see Section 13.3.1.1). The resulting coverage transients are plotted in
Fig. 13.2c. In agreement with the potentiodynamic experiments, the COad coverage
decreases in the order COsat . formaldehyde . formic acid . methanol. The exact
values are collected in Table 13.1. The difference with respect to the values deter-
mined in the potentiodynamic stripping experiments is explained by the different
adsorption potential in the potentiostatic measurements (0.16 V vs. 0.11 V). The
increase in adsorbate coverage is most pronounced for methanol adsorption. This
observation agrees closely with previous findings for potentiodynamic and potentio-
static methanol adsorbate stripping experiments performed after adsorption at different
adsorption potentials [Jusys and Behm, 2001; Lanova et al., 2006]. Recent in situ
ATR-IR experiments equally showed that the potential dependence is most pro-
nounced for methanol adsorption, less for formic acid adsorption, and essentially
absent for formaldehyde adsorption [Chen et al., unpublished results].
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For saturated CO adlayer oxidation (solid line in Fig. 13.2c), the COsat coverage
transient shows only a small initial decay of 1–2% of the adlayer coverage (a small
decrease in the COad coverage at zero time). Then the COsat coverage decreases
nearly linearly for about 3 minutes down to about 0.8 of its initial value, changes to
a steeper slope in the coverage range from about 0.7 to 0.3 (400–700 s after the poten-
tial step), and finally changes slope again to an almost linear decay from about 0.2
down to nearly zero. A subsequent stripping experiment confirmed that the initial,
saturated CO adlayer was almost completely removed after 25–30 minutes’ oxidation
at 0.6 V (remaining COad � 3%). The COad coverage transients obtained after adsorp-
tion of the three C1 molecules differ significantly from these characteristics. They
exhibit a pronounced coverage decay in the initial phase (Fig. 13.2b), where almost
all of the adsorbate is removed.

The different characteristics of the adsorbate stripping transients can be qualitat-
ively explained by using the concepts derived for describing the oxidation behavior
of a saturated CO adlayer, after adsorption from CO-containing solution [Gilman,
1963, 1964]. It is generally agreed (for carbon-supported Pt/C catalysts, see
[Friedrich et al., 2000; Maillard et al., 2004a, 2005; Arenz et al., 2005; Andreaus
et al., 2006; Andreaus and Eikerling, 2007]; for smooth Pt electrodes, see [Santos
et al., 1991; Petukhov et al., 1998; Koper et al., 1998; Bergelin et al., 1999;
Korzeniewski and Kardash, 2001; Lebedeva et al., 2002; Housmans et al., 2007])
that electro-oxidation of adsorbed CO on Pt electrodes proceeds via a Langmuir–
Hinshelwood mechanism by reaction between COad and neighboring, electrosorbed
OHad species. In the initial peak, this includes initial (instantaneous) nucleation of
OHad, possibly on defect sites, reaction with weakly bound COad species, and slow
relaxation of the CO adlayer into a more strongly bound state. Progressive nucleation
of OHad on free Pt sites and reaction with neighboring “strongly bound” COad leads to
the main oxidation peak. For all adsorbate stripping transients, the mass spectrometric
measurements clearly reveal a fast onset of COad electro-oxidation immediately
after stepping the electrode potential, which supports the proposal of instantaneous
nucleation of OHad species and reaction on a limited number of defect sites within
the CO adlayer [Korzeniewski and Kardash, 2001]. For the saturated adlayer, the
amount of initial, instantaneous OHad nucleation is small, as expected for a surface
fully covered by a stable saturated adlayer. It is somewhat higher after formaldehyde
adsorption, in agreement with the slightly lower COad coverage. For the other two
reactants, OHad nucleation is no longer rate-limiting. An increasingly faster onset
of the main oxidation peak for transient C1 adsorbate oxidation with decreasing
COad coverage would be consistent with a Langmuir–Hinshelwood mechanism,
since nucleation of OHad should become more facile at lower COad coverages,
which in turn increases the adlayer oxidation rate and shifts the main oxidation
peak towards the initial spike. The asymmetric shape of the initial peak with a
significant tailing at longer times can be explained by the increasing overlap of the
initial “instantaneous” OHad nucleation and reaction step [Korzeniewski and
Kardash, 2001], and CO2 formation via progressive OHad nucleation and reaction
with COad [Lebedeva et al., 2000, 2002; Andreaus and Eikerling, 2007; Housmans
et al., 2007].
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The different COad coverages obtained after CO and C1 molecule adsorption are
sufficient to qualitatively account for the observed change in the overall shape of
the respective stripping transients. For a more quantitative comparison, we included
a COad stripping transient recorded upon oxidation of a medium coverage CO adlayer
obtained by adsorption from CO containing solution (gray lines in Fig. 13.2, COsub).
Although the COad submonolayer coverage is between those obtained after formic acid
and after formaldehyde adsorption, respectively, the general shape of the transient is
much closer to that obtained upon saturated CO adlayer oxidation than to those for C1

adsorbate oxidation. In agreement with the potentiodynamic stripping experiments, C1

adsorbate stripping is significantly faster at the same potential as that of a similar
coverage CO adlayer produced by CO adsorption.

In total, the differences between C1 adsorbate stripping and COad stripping, in both
potentiodynamic measurements and potentiostatic transients, can be qualitatively
explained by the lower COad coverage after C1 adsorption. A quantitative comparison
with a lower coverage CO adlayer reveals, however, that these coverage effects are not
sufficient and that contributions from other effects, most likely related to the structure
of the CO adlayer, are important for the different oxidation behavior of the respective
adsorbates as well.

13.3.2 Bulk Oxidation of Formic Acid, Formaldehyde, and Methanol:
Potentiodynamic Measurements

In this section, we present results of potentiodynamic DEMS measurements on the
continuous (bulk) oxidation of formic acid, formaldehyde and methanol on a Pt/
Vulcan catalyst, and compare these results with the adsorbate stripping data in
Section 13.3.1. We quantitatively evaluate the partial oxidation currents, product
yields, and current efficiencies for the respective products (CO2 and the incomplete
oxidation products). In the presentation, the order of the reactants follows the increas-
ing complexity of the oxidation reaction, with formic acid oxidation discussed first
(one reaction product, CO2), followed by formaldehyde oxidation (two reaction pro-
ducts) and methanol oxidation (three reaction products).

13.3.2.1 General Characteristics DEMS data recorded during the potentio-
dynamic electro-oxidation of the three C1 molecules on a Pt/Vulcan electrode are
shown in Fig. 13.3a (formic acid oxidation), 13.3b (formaldehyde oxidation), and
13.3c (methanol oxidation). They include the faradaic current (solid lines in the top
panels), the CO2

þ-related m/z ¼ 44 ion current [solid lines in the lower panels in
(a) and (b) and the middle panel in (c)], and, for methanol oxidation [bottom panel
in (c)], also the m/z ¼ 60 signal of methyl formate. The latter is commonly used to
detect formic acid in methanol-containing solutions [Iwasita and Vielstich, 1986;
Iwasita, 2002, 2003]. The faradaic current signals closely resemble those reported
earlier for methanol oxidation [Iwasita and Vielstich, 1986; Jusys and Behm, 2001;
Jusys et al., 2003; Iwasita, 2002, 2003], formaldehyde oxidation [Loucka and
Weber, 1968; Beltowska-Brzezinska and Heitbaum, 1985; Nakabayashi, 1998;
Nakabayashi et al., 1998; Batista and Iwasita, 2006; Samjeské et al., 2007;
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Figure 13.3 Potentiodynamic electrooxidation of (a) formic acid, (b) formaldehyde, and
(c) methanol on a Pt/Vulcan thin-film electrode (7 mgPt cm22, geometric area 0.28 cm2) in
0.5 M H2SO4 solution containing 0.1 M HCOOH (a), HCHO (b), or CH3OH (c). The potential
scan rate was 10 mV s21 and the electrolyte flow rate was 5 mL s21, at room temperature). The
top panels show the faradaic current (solid lines), the partial currents for C1 oxidation to CO2

(dashed lines) and for formic acid formation (dash-dotted line), calculated from the respective
ion currents, and the difference between the measured faradaic current and the partial current for
CO2 oxidation (formic acid oxidation (a), formaldehyde oxidation (b)), or the difference
between faradaic current and the sum of the partial currents for CO2 formation and formic
acid oxidation (methanol oxidation, (c)) (dotted line). The solid lines in the lower panels in
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de Lima et al., 2007; Miki et al., 2004], and formic acid oxidation [Okamoto
et al., 2004; Samjeské and Osawa, 2005; Breiter, 1967; Loucka and Weber, 1968;
Spasojevic et al., 1980; Napporn et al., 1995; Okamoto et al., 2005; Park et al.,
2002b] on polycrystalline Pt and Pt nanoparticle electrodes. For all three reactants,
they exhibit a distinct hysteresis between positive-going and negative-going
scan, which had been associated with the different states of the catalyst prior to the
onset of the reaction in the two scan directions, with the Pt surface being COad-covered
at low potentials, before the positive-going scan, and OHad covered/partly oxidized
but COad-free at high potentials, before the negative-going scan [Parsons and
VanderNoot, 1988; Capon and Parsons, 1973]. For methanol and formaldehyde oxi-
dation, the reaction is largely hindered by adsorbed CO at potentials negative of 0.5 V
and 0.6 V, respectively, while formic acid oxidation starts already at much lower
potentials, at around 0.2 V in the positive-going scan. The current decay at more posi-
tive potentials (.0.8–0.9 V) is attributed to an increasing hindrance of the C1 electro-
oxidation reaction by PtO formation [Angerstein-Kozlowska et al., 1973]. In the
reverse, negative-going scan, the oxidation current starts simultaneously with PtO
reduction on an initially COad-free (COad can be efficiently oxidized at these potentials
[Jusys et al., 2001; Gilman, 1964; Stonehart and Kohlmayr, 1972; Gasteiger et al.,
1995; Schmidt et al., 1999b]) and increases steadily. It then passes through a maxi-
mum and decreases to zero at lower potentials, where OH electrosorption and therefore
also oxidation of the COad species are inhibited by the CO adlayer. For all three reac-
tants, the reaction extends to potentials negative of the onset of COad stripping in the
positive-going scan, which is attributed to the finite time required for the build-up of a
reaction-inhibiting CO adlayer in the negative-going scan. Interestingly, the ratio of
the peak heights in the positive- and negative-going scans changes significantly
from methanol to formic acid oxidation, becoming increasingly higher in the nega-
tive-going scan. The oxidation of formic acid even occurs on a COad-blocked surface
at potentials lower than 0.4 V, where OHad generation on the Pt catalyst electrode is
negligible. This can be rationalized by the presence of two oxygen atoms in the car-
boxylic acid group, which allows CO2 formation without requiring the formation of
and reaction with adsorbed oxygen species. The same is true also for formaldehyde
oxidation, considering that formaldehyde is largely hydrated to methylene glycol in
aqueous formaldehyde solutions, with two OH groups attached to the carbon atom
(see Batista and Iwasita [2006]).

The mass spectrometric currents follow largely, but not completely the faradaic
current signals. The contributions to the respective faradaic currents resulting from
complete oxidation to CO2, which are calculated using the calibration constant K�

(see Section 13.2), are plotted as dashed lines in the top panels in Fig. 13.3. For the
calculations of the partial reaction currents, we assumed six electrons per CO2 mol-
ecule formation and considered the shift in the potential scale caused by the time

Figure 13.3 (Continued ) (a) and (b) and in the middle panel in (c) show the m/z ¼ 44 ion
current response to the electrode potential, the gray lines illustrate the oxidation of pre-
formed CO, derived upon C1 adsorption at 0.11 V, in reactant-free H2SO4 solution. The
bottom panel in (c) shows the m/z ¼ 60 ion current response to the electrode potential.
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delay (about 2 s) between faradaic current and mass spectrometric current detection.
For methanol oxidation (Fig. 13.3c), the partial current for CO2 formation (complete
methanol oxidation) constitutes only about half of the measured faradaic current; for
formaldehyde oxidation (Fig. 13.3b), it is even less than 30%. As expected, for formic
acid oxidation (Fig. 13.3a), CO2 formation accounts for almost all of the faradaic cur-
rent, except for the small contributions from double-layer charging and from PtO for-
mation/reduction, which also shows the precision of the partial current determination.

Similarly, the m/z ¼ 60 ion current signal was converted into the partial current for
methanol oxidation to formic acid in a four-electron reaction (dash–dotted line in
Fig. 13.3c; for calibration, see Section 13.2). The resulting partial current of methanol
oxidation to formic acid does not exceed about 10% of the methanol oxidation current.
Obviously, the sum of both partial currents of methanol oxidation to CO2 and formic
acid also does not reach the measured faradaic current. Their difference is plotted in
Fig. 13.3c as a dotted line, after the PtO formation/reduction currents and pseudoca-
pacitive contributions, as evident in the base CV of a Pt/Vulcan electrode (dotted line
in Fig. 13.1a), were subtracted as well. Apparently, a significant fraction of the faradaic
current is used for the formation of another methanol oxidation product, other than
CO2 and formic acid. Since formaldehyde formation has been shown in methanol oxi-
dation at ambient temperatures as well, parallel to CO2 and formic acid formation [Ota
et al., 1984; Iwasita and Vielstich, 1986; Korzeniewski and Childers, 1998; Childers
et al., 1999], we attribute this current difference to the partial current of methanol
oxidation to formaldehyde. (Note that direct detection of formaldehyde by DEMS
is not possible under these conditions, owing to its low volatility and interference
with methanol-related mass peaks, as discussed previously [Jusys et al., 2003]).
Assuming that formaldehyde is the only other methanol oxidation product in addition
to CO2 and formic acid, we can quantitatively determine the partial currents of all three
major products during methanol oxidation, which are otherwise not accessible.
Similarly, subtraction of the partial current for formaldehyde oxidation to CO2 from
the measured faradaic current for formaldehyde oxidation yields an additional current,
which corresponds to the partial oxidation of formaldehyde to formic acid. The charac-
teristics of the different C1 oxidation reactions are presented in more detail in the
following sections.

13.3.2.2 Formic Acid Oxidation Despite the relatively simple oxidation reaction
(two-electron oxidation of formic acid leads to CO2 as the only reaction product), the
potential sweep results in a rather complicated faradaic and mass spectrometric current
response (Fig. 13.3a). It closely resembles that reported previously for polycrystalline
Pt [Feliu et al., 2003; Capon and Parsons, 1973b, c; Willsau and Heitbaum, 1986;
Wolter et al., 1985; Okamoto et al., 2004; Lu et al., 1999; Chen et al., 2006a, b, c;
Samjeské et al., 2006] and Pt nanoparticle electrodes [Park et al., 2002], with the
faradaic current starting to increase slowly at 0.15 V and then more strongly at E .

0.35 V and again at E . 0.6 V. After passing through two maxima at about 0.72 and
0.80 V, it then decays again. The current decay at more positive potential is attributed
to increasing OHad accumulation and PtO formation, where the latter is not active for
formic acid oxidation in this potential regime. In the negative-going scan, the current
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starts to increase steeply at 0.9 V, after reduction of the Pt oxides. It passes through a wide
peak with several ill-resolved maxima, and starts to decay again at E , 0.58 V, reaching
zero current at the negative potential limit of 0.06 V. In the low potential region, the elec-
trocatalytic activity of Pt is suppressed owing to surface blocking by reaction-inhibiting
side products/reaction intermediates, which in in situ IR spectroscopy studies were ident-
ified as COad species [Sun et al., 1988; Sun and Yang, 1999; Miki et al., 2002; Samjeské
and Osawa, 2005; Chen et al., 2006a, b, c; Samjeské et al., 2005; Parket al., 2002] (see also
Section 13.3.1). The latter species are responsible for the complex current response on the
electrode potential and the pronounced hysteresis, with a low initial coverage of poisoning
adsorbate species immediately after PtO reduction in the negative-going potential scan,
but a high coverage at the negative potential limit. Further mechanistic implications
will be discussed in more detail in Section 13.4.

In Fig. 13.3a (lower panel), we show the m/z ¼ 44 mass signal for continuous
formic acid oxidation in 0.1 M HCOOH solution (solid line) and, in addition, the
10-fold magnified m/z ¼ 44 ion current for the oxidation of formic acid adsorption
residues developed after adsorption at 0.11 V (gray line, data taken from
Fig. 13.1b). Obviously, the steep increase in the formic acid oxidation rate at about
0.7 V in the positive-going scan (Fig. 13.3a) coincides with the oxidation of adsorbed
CO, and is therefore attributed to the appearance of COad-free, reactive Pt sites. Similar
conclusions were drawn by Willsau and Heitbaum from DEMS experiments, where
they investigated the oxidation of pre-adsorbed labeled formic acid adsorbate in non-
labeled formic acid solution [Wilhelm and Heitbaum, 1986]. On the other hand, there
is hardly any intensity in the m/z ¼ 44 signal for oxidation of formic acid adsorbate
(COad generated by “chemical” dehydration/adsorption of formic acid) at potentials
negative of 0.55 V, while CO2 formation during continuous HCOOH oxidation
starts already at potentials as negative as 0.2 V in the positive-going scan. In agreement
with the interpretation in [Willsau and Heitbaum, 1986], this clearly demonstrates the
presence of an additional reaction pathway that does not proceed via formation and
oxidation of COad (the “dual-pathway mechanism”; for further discussion, see
Section 13.4 and [Samjeské and Osawa, 2005; Chen et al., 2006a, b; Samjeské
et al., 2005, 2006]).

The dashed line in Fig. 13.3a (top panel) shows the faradaic current resulting from
this reaction, calculated by assuming that CO2 is the only reaction product during
formic acid oxidation, independent of the reaction mechanism, and corrected by the
time constant of the DEMS setup (2 s). The calculated faradaic current obtained this
way is free from contributions arising from PtO formation/reduction, which appear
in the measured faradaic current at potentials positive of 0.8 V, or from pseudocapa-
citive double-layer charging effects in the potential region 0.2–0.8 V. These contri-
butions are determined by subtracting the calculated faradaic current from the
measured current (dotted line in the top panel of Fig. 13.3a). This difference signal
closely resembles the base CV of the same Pt/Vulcan electrode (Fig. 13.1a), except
for the Hupd-related features due to COad blocking.

13.3.2.3 Formaldehyde Oxidation The general characteristics of the faradaic
current dependence on the potential (solid line in the top panel of Fig. 13.3b) are
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similar to those for formic acid oxidation, with a few distinct differences. First, formal-
dehyde oxidation is more suppressed at low potentials than formic acid oxidation.
Second, the faradaic current peak for formaldehyde oxidation is about four to five
times higher than the respective formic acid oxidation faradaic current maxima.
Third, at potentials positive of 1.0 V, the formaldehyde oxidation current increases
again, up to the upper potential limit of 1.16 V, and decreases reversibly in the nega-
tive-going scan to a current minimum at about 0.95 V. The re-start of formaldehyde
oxidation in the negative-going scan coincides with the reduction of the PtO cover
layer at potentials lower than 0.9 V; it leads to a broad peak centered at about 0.6 V.
The subsequent suppression of the formaldehyde oxidation reaction at lower potentials
is explained by the increasing coverage of poisoning COad species (see Section
13.3.2.2). The earlier decay of the reaction current in the negative-going scan
compared with formic acid oxidation can be explained by the higher tendency of
formaldehyde for COad formation, which was observed also in the formaldehyde
adsorption experiments (see Section 3.1.2 and Table 13.1) and in recent in situ IR
spectroscopy experiments [Miki et al., 2004; Chen et al., to be published; Park
et al., 2002]. The increasing formaldehyde oxidation current at potentials .1.0 V indi-
cates a significant activity of the oxidized Pt surface for formaldehyde oxidation at
these potentials, in contrast to the negligible activity for formic acid oxidation
under similar conditions (Fig. 13.3a).

In the mass spectrometric trace (solid line in the lower panel of Fig. 13.3b), CO2

formation starts at 0.6 V, almost simultaneously with the onset of formaldehyde adsor-
bate oxidation (gray line in the lower panel of Fig. 13.3b, data from Fig. 13.1b). The
main CO2 formation peak coincides with the main faradaic current peak. Its intensity,
however, exhibits a rather different behavior compared with that for formic acid
oxidation, with rather similar peak currents in the positive- and negative-going
scans. While the peak current is about similar to that for formic acid oxidation in
the positive-going scan, it is almost three times lower in the negative-going scan
(solid lines in the lower panels of Fig. 13.3a, b). Compared with the formaldehyde
adsorbate stripping peak (gray line in the lower panel of Fig. 13.3b, panel, data
from Fig. 13.1b), the main onset of formaldehyde bulk oxidation in the positive-
going scan is shifted to slightly more anodic potentials. Most likely, this results
from re-formation of COad species by decomposition of formaldehyde during the
potential scan. Finally, the m/z ¼ 44 ion current (solid line in the lower panel of
Fig. 13.3b) does not show the significant increase in the high potential region observed
in the faradaic current. Under these conditions, incomplete oxidation of formaldehyde
to formic acid prevails (two-electron reaction). The same is true down to about 0.85 V
in the negative-going scan (solid line in the lower panel of Fig. 13.3b).

The partial faradaic current for formaldehyde oxidation to CO2, calculated from the
m/z ¼ 44 ion current, is plotted as a dashed line in Fig. 13.3b (upper panel). Complete
oxidation of formaldehyde to CO2 contributes only one-third (positive-going scan) or
one-quarter (negative-going scan) of the corresponding faradaic current peaks (solid
line in the upper panel of Fig. 13.3b). The difference between the measured net current
and the calculated faradaic current, which is plotted as a dotted line in Fig. 13.3b
(upper panel), reflects the partial current for incomplete formaldehyde oxidation to
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formic acid. Hence, under the present reaction conditions, incomplete oxidation of
formaldehyde to formic acid prevails over complete oxidation to CO2.

The current efficiencies for CO2 formation and formic acid formation during poten-
tiodynamic formaldehyde oxidation, calculated from the data in Fig. 13.3b as the ratio
of the partial currents to the total faradaic current (in %), are plotted in Fig. 13.4a.

Figure 13.4 Current efficiency plots for the potentiodynamic electro-oxidation of formal-
dehyde (a) and methanol (b: positive-going scan; c: negative-going scan) on a Pt/Vulcan
thin-film electrode (data from Fig. 13.3a, b): dashed lines, current efficiency for CO2 formation;
dash–dotted lines, current efficiency for HCOOH formation; dotted lines, current efficiency for
HCHO formation.
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(For formaldehyde oxidation with only two reaction products, the current efficiency
for formic acid formation simply mirrors that for CO2 formation.) Because of the
very low currents in the low potential region, we have considered only potentials
anodic of 0.6 V in the positive-going scan and anodic of 0.4 V in the negative-
going scan, respectively. In the potential region from 0.6 to 0.7 V in the positive-
going scan, the current efficiency exhibits constant values of about 15% for CO2

and, correspondingly, about 85% for formic acid formation. With further potential
increase, the current efficiency for CO2 formation increases and passes through a
double maximum (about 33%) with peaks at 0.75 and 0.9 V, and finally decreases
to about 5% at the positive potential limit of 1.16 V. On the oxidized Pt surface, the
selectivity for formic acid formation is close to 100%. In the negative-going scan,
the current efficiency for CO2 formation first increases rather slowly, down to poten-
tials around 0.8 V, followed by a faster increase to 25% until 0.45 V, and finally 50% at
0.4 V. The current efficiency for formic acid formation changes correspondingly with
the electrode potential.

For the understanding of the complex shape of the current efficiency for CO2

formation during formaldehyde oxidation in the positive-going scan, one has to con-
sider contributions from the oxidation of COad, which was formed during the potential
excursion to more negative potentials, as well. Comparing to the potential of the
formaldehyde adsorbate stripping peak (dashed line in Fig. 13.1b), we attribute the
first peak in the current efficiency for CO2 formation (dashed line in Fig. 13.4a) to
the oxidation of adsorbed COad pre-formed at lower potentials. This occurs in addition
to the oxidation of COad produced by the ongoing formaldehyde decomposition.
Therefore, the first peak can be considered as an additional feature, superimposed
on a broad peak in CO2 efficiency with its maximum at about 0.8 V. Accordingly,
the second peak in the CO2 current efficiency at 0.8 V must represent an inherent
maximum in CO2 selectivity, which is most likely related to the fact that, under
these conditions, surface blocking, either by COad or by OHad, is minimized.
Apparently, formaldehyde oxidation to CO2, either directly or via methylene glycol
oxidation [Batista and Iwasita, 2006], is more site-demanding than oxidation to
formic acid. This interpretation is supported by recent observations showing transient
CO2 formation upon formaldehyde adsorption/oxidation on a COad-free Pt surface
even at potentials around 0.3 V, before the reaction is inhibited by accumulation of
a CO adlayer [Heinen et al., 2009]. Finally, at potentials positive of 1.0 V,
formaldehyde oxidation is dominated by selective oxidation to formic acid. The
ability of the oxidized Pt surface to catalyze formaldehyde oxidation to formic acid
under these conditions, but not methanol oxidation, cannot be explained by a more
facile decomposition of formaldehyde to COad, compared with methanol, since, in
that case, CO2 should be the dominant oxidation product in formaldehyde oxidation,
rather than formic acid. Hence, oxidation of the Pt surface prevents formaldehyde
decomposition. Similar observations were made also for acetaldehyde, where
oxidation at high potentials is facile and results exclusively in acetic acid formation
[Wang et al., 2006]. Apparently, the oxidative dissociation of the aldehyde C–H
bond is possible on an oxidized Pt catalyst at potentials E . 0.9 V. In the reverse,
negative-going scan, accumulation of COad is inhibited at potentials anodic of the
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onset of Pt oxidation, and therefore the structure of the CO2 efficiency is rather simple,
with a more or less continuous increase to more cathodic potentials.

13.3.2.4 Methanol Oxidation Methanol oxidation on a Pt/Vulcan catalyst was
studied and discussed extensively in our previous papers [Jusys and Behm, 2001;
Jusys et al., 2003]. Therefore, we will focus her on the most important features and
refer to those previous studies for more detailed discussions.

At potentials negative of 0.5 V, methanol oxidation is largely hindered by a reaction
inhibiting CO adlayer, which results from dehydrogenative methanol adsorption in the
preceding potential scan. Comparison with the 10-fold magnified methanol adsorbate
stripping peak, both for the faradaic current (dotted line in the top panel of Fig. 13.3c)
and for the CO2 mass spectrometric signal (gray line in the middle panel of Fig. 13.3c),
shows that both methanol adsorbate and methanol bulk oxidation start at the same
potential in the positive-going scan. At potentials positive of 1.0 V, methanol
oxidation is suppressed by PtO formation. It is re-activated again by PtO reduction
in the negative-going scan. Overall, these effects result in the well-known bell-
shaped polarization curves. The corresponding m/z ¼ 44 and m/z ¼ 60 mass spectro-
metric currents (solid lines in the middle and bottom panels of Fig. 13.3c) generally
follow the faradaic current, but exhibit some differences in the ratio of the peak heights
and in the peak shape, which point to a potential-dependent variation of the product
distribution for the two scan directions (for details, see [Jusys and Behm, 2001;
Jusys et al., 2003]).

The calibrated m/z ¼ 44 and m/z ¼ 60 ion currents were converted into the respect-
ive partial reaction faradaic currents as described above, and are plotted in Fig. 13.3c as
dashed (m/z ¼ 44) and dash–dotted (m/z ¼ 60) lines, using electron numbers of 6
electrons per CO2 molecule and 4 electrons per formic acid molecule formation. The
calculated partial current for complete methanol oxidation to CO2 contributes only
about one-half of the measured faradaic current. The partial current of methanol oxidation
to formic acid is in the range of a few percent of the total methanol oxidation current. The
remaining difference, after subtracting the PtO formation/reduction currents and
pseudocapacitive contributions as described above, is plotted in Fig. 13.3c (top panel)
as a dotted line. As mentioned above (see the beginning of Section 13.3.2), we attribute
this current difference to the partial current of methanol oxidation to formaldehyde.
This way, we were able to extract the partial currents of all three major products during
methanol oxidation reaction, which are otherwise not accessible.

The current efficiencies for the different products during the positive-going scan in
potentiodynamic methanol oxidation are plotted in Fig. 13.4b. (To reduce the noise
level of the formic acid current efficiency, which results from the poor signal-to-
noise ratio of the m/z ¼ 60 mass signal, this was fitted by a Gaussian.) At potentials
of 0.4–0.5 V, where the Pt surface is largely blocked by adsorbed CO, the (very slow)
reaction is dominated by incomplete oxidation of methanol to mainly formaldehyde,
with a current efficiencies of about 80–100%. With increasing potential, the current
efficiency for CO2 formation increases, reaching a double peak with maxima of
about 60% at 0.62 and 0.8 V. At the same time, the current efficiency for formaldehyde
formation decreases gradually. In the potential range E . 0.5 V, it mirrors that for
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CO2, at least qualitatively, with two minima coincident with the maxima in the CO2

current efficiency. The pronounced decrease in current efficiency for CO2 formation
at more positive potentials, anodic of 0.8 V, is accompanied by a comparable increase
in formaldehyde formation, while that for formic acid formation remains about
constant. Simultaneously, the current efficiency for formic acid formation increases
to about 10% at about 0.6 V, then decreases to about 5% and remains at this value
up to 0.9 V, finally decaying to zero at 1.1 V. It should be mentioned, however, that
the absolute currents are rather small for potentials cathodic of 0.5 V or anodic of
1.0 V, respectively. This is true, of course, also for the partial current for formaldehyde
formation, which results in larger uncertainties in the calculated current efficiencies in
these potential regions. In the negative-going scan (Fig. 13.4c), formaldehyde
formation decreases continuously and reaches zero at 0.5 V, while the current
efficiency for CO2 formation increases steadily from about 10% at 1.16 V to about
50% at 0.7 V. It then remains at that level. The formic acid current efficiency behaves
similarly as in the positive-going scan, starting to increase at about 0.7 V and reaching
a value of 50% at 0.5 V.

The distinct double-peak structure in the CO2 current efficiency (Fig. 13.4b) is in
clear contrast to the slightly asymmetric peak for the partial current for CO2 formation
(dashed line in top panel of Fig 13.3c) and the rather symmetric faradaic current peak
(solid line in the top panel of Fig. 13.3c) in the positive-going scan. Similar to formal-
dehyde oxidation, the additional peak in the current efficiency for CO2 formation at
more negative potentials is attributed to the oxidation of COad that was formed
upon adsorption of methanol at more negative potentials (for comparison, see the
methanol adsorbate stripping peak in Fig. 13.3c: the gray line in the middle panel)
and which is superimposed on the signal for bulk oxidation of methanol to CO2. As
a result of the difference in electron number for the oxidation of COad and of methanol
to CO2, with a two-electron reaction for COad oxidation and a six-electron reaction for
methanol oxidation, the current efficiency for CO2 formation is overestimated in the
more cathodic current efficiency peak, since for conversion of the m/z ¼ 44 ion
current to faradaic current, a six-electron reaction was assumed. This is different for
the (almost simultaneous) COad formation and oxidation during the potential scan,
since in that case the four electrons released during COad formation would be included
in the current signal as well. (Note that such problems are not encountered in the evalu-
ation of the steady-state current efficiencies during potentiostatic bulk oxidation.)

13.3.3 C1 Molecule Bulk Oxidation: Potential-Step Transients

In order to distinguish more clearly between effects induced by the varying potential
and kinetic contributions, the continuous oxidation of the three C1 molecules was
followed at a constant potential after the potential step. The corresponding faradaic
and mass spectrometric (m/z ¼ 44) current transients recorded after 3 minutes’
adsorption at 0.16 V and a subsequent potential step to 0.6 V (see Section 13.2) are
reproduced in Figs. 13.5–13.7. In all cases, the faradaic current exhibits a small initial
spike, which is associated with double-layer charging when stepping the electrode
potential to 0.6 V.
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13.3.3.1 Formic Acid Oxidation After passing through the initial spike, the
faradaic current continues to increase, and finally reaches saturation after 7–8 minutes.
Similar types of current transients were also obtained in potential-step rotating disk
electrode (RDE) experiments for formic acid oxidation on bare Pt(111) electrodes
and on Pt(111) electrodes irreversibly modified by adsorbed Bi [Schmidt et al.,
2000; Yang and Sun, 2002], as well as on Pt film electrodes [Chen et al.,
2006a, b, c]. The m/z ¼ 44 mass signal closely follows the faradaic current transients,
except for the initial current spike, which is absent in this case, confirming that this
feature is caused by pseudocapacitive effects (see also Fig. 13.2 and the discussion
in Section 13.3.1.2). For comparison, we also include the CO2 signal (multiplied by
10) obtained for formic acid adsorbate oxidation (gray solid line in Fig. 13.5b, data
from Fig. 13.2b). Conversion of the m/z ¼ 44 ion current into a faradaic current for
formic acid oxidation to CO2 (dashed line in Fig. 13.5a) shows excellent agreement
with the measured faradaic current (solid line in Fig. 13.5a) between the two signals,
similar to our findings for potentiodynamic formic acid oxidation. A 100% current

Figure 13.5 Potential-step electro-oxidation of formic acid on a Pt/Vulcan thin-film electrode
(7 mgPt cm22, geometric area 0.28 cm2) in 0.5 M H2SO4 solution containing 0.1 M HCOOH
upon stepping the potential from 0.16 to 0.6 V (electrolyte flow rate 5 mL s21, at room tempera-
ture). (a) Solid line, faradaic current transients; dashed line, partial current for HCOOH
oxidation to CO2. (b) Solid line, m/z ¼ 44 ion current transients; gray line, potential-step
oxidation of pre-adsorbed CO derived upon HCOOH adsorption at 0.16 V, in HCOOH-free
H2SO4 solution.
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Figure 13.6 Potential-step electro-oxidation of formaldehyde on a Pt/Vulcan thin-film elec-
trode (7 mgPt cm22, geometric area 0.28 cm2) in 0.5 M H2SO4 solution containing 0.1 M HCHO
upon stepping the potential from 0.16 to 0.6 V (electrolyte flow rate 5 mL s21, at room tempera-
ture). (a) Solid line, faradaic current transients; dashed line, partial current for HCHO oxidation
to CO2; dotted line, difference between the net faradaic current and that for CO2 formation. (b)
Solid line, m/z ¼ 44 ion current transients; gray line: potential-step oxidation of pre-adsorbed
CO derived upon HCHO adsorption at 0.16 V, in HCHO-free sulfuric acid solution. (c) Current
efficiency transients for CO2 formation (dashed line) and formic acid formation (dotted line).

Figure 13.7 (Continued ) (b) Solid line, m/z ¼ 44 ion current transients; gray line, potential-
step oxidation of pre-adsorbed CO derived upon CH3OH adsorption at 0.16 V, in CH3OH-free
H2SO4 solution. (c) m/z ¼ 60 ion current transients. (d) Current efficiency transients for CO2

formation (dashed line), formic acid formation (dash–dotted line), and formaldehyde formation
(dotted line).
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Figure 13.7 Potential-step electrooxidation of methanol on a Pt/Vulcan thin-film electrode
(7 mgPt cm22, geometric area 0.28 cm2) in 0.5 M H2SO4 solution containing 0.1 M CH3OH
upon stepping the potential from 0.16 to 0.6 V (electrolyte flow rate 5 mL s21, at room tempera-
ture). (a) Solid line, faradaic current transients; dashed line, partial current for CH3OH oxidation
to CO2; dotted line, difference between the net faradaic current and that for CO2 formation.
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efficiency for formic acid oxidation to CO2 has been reported also for potentiostatic
formic acid oxidation on a polycrystalline Pt electrode based on transmission IR spec-
troscopy measurements in a micro flow cell, where the intensities were calibrated
against solutions with known CO2 concentrations [Huang et al., 2002].

The saturation values for both faradaic and mass spectrometric currents obtained in
the potentiostatic experiment (Fig. 13.5a, b) are about three times higher than the
potentiodynamic formic acid oxidation currents at the same potential in the posi-
tive-going scan, but lower than those in the negative-going scan (Fig. 13.3a). These
differences can be explained by the higher COad coverage in the positive-going
scan and the lower COad coverage in the negative-going scan compared with the
steady-state situation. Therefore, the increase in the formic acid oxidation rate after
the potential step is caused by the increasing removal of reaction-inhibiting COad

species, which allows “direct” formic acid oxidation (see the discussion in Section
13.4) on an increasing area of the Pt surface. Because of the steady supply of COad,
due to continuous adsorption and dehydrogenation of formic acid, the faradaic current
and the CO2 formation rate decrease with time, and finally reach (potential- and con-
centration-dependent) steady-state values once the rates for COad formation and COad

oxidation are equivalent. The lower steady-state formic acid oxidation rate compared
with the peak rate in the negative-going scan in the potentiodynamic measurements
can be explained by the lack of time to build up a CO adlayer of comparable coverage
in the latter case. In the same way, the higher steady-state formic acid oxidation rate
compared with that at 0.6 V in the positive-going scan is attributed to the higher
COad coverage in the potentiodynamic measurement, resulting from the low COad oxi-
dation rate at potentials E , 0.6 V and the COad coverage of about 50% COad of the
saturation value in the positive-going scan before the onset of COad oxidation [Chen
et al., 2006a, b, c]. Finally, the much smaller faradaic current and CO2 formation rate
upon formic acid adsorbate oxidation compared with the steady-state bulk oxidation
current/rate indicates that COad oxidation makes only a minor contribution to
formic acid oxidation under these conditions and that most of the formic acid oxidation
current results from direct oxidation of formic acid. This result agrees well with recent
conclusions based on quantitative data from in situ IR spectroscopy measurements
[Chen et al., 2006a, b, c], where, depending on the reaction conditions, the indirect
pathway was found to contribute only in the range of 1% or less (for details, see
Samjeské et al. [2005, 2006]).

13.3.3.2 Formaldehyde Oxidation The faradaic current for formaldehyde
oxidation (solid line in Fig. 13.6a) is largely suppressed during the first minute after
stepping to 0.6 V, and then increases with time, resulting in an S-shaped transient.
It reaches its maximum current about 4–5 minutes after the potential step, followed
by a slow and nearly linear decay of the faradaic current with time (solid line in
Fig. 13.6a). In comparison with formic acid oxidation (solid line in Fig. 13.5a),
three major differences can be noted:

(i) Formaldehyde oxidation is more suppressed during the initial stages of the
oxidation reaction than formic acid oxidation.
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(ii) The maximum faradaic current for formaldehyde oxidation is about twice that
for formic acid oxidation.

(iii) The formaldehyde oxidation current shows a slow decay with time, while the
formic acid oxidation current is fairly stable.

On the other hand, during potentiodynamic formaldehyde oxidation (solid line
in the upper panel of Fig. 13.3b), there is only a small faradaic current at 0.6 V in
the positive-going scan, in contrast to the much higher steady-state value (about
0.55 mA) attained in the potentiostatic experiment.

The CO2 formation transient (solid line in Fig. 13.6b) exhibits a small m/z ¼ 44
ion current spike upon stepping the electrode potential, which is absent for the corre-
sponding adsorbate stripping trace (see also Fig. 13.2b) and also for formic acid
oxidation. Apparently, formaldehyde oxidation to CO2 starts instantaneously, similar
to oxidation of a saturated CO adlayer (Fig. 13.2b). Subsequently, the current trace for
CO2 formation continues to grow, until reaching a maximum after about 4–5 minutes.
The current efficiency for CO2 formation (dashed line in Fig. 13.6c) passes through an
initial maximum of about 33% after about 1 minute, and then decays to a constant
value of about 14%. The maximum CO2 current efficiency has about the same value
as that reached in the positive-going scan at potentials of 0.65–0.7 V (Fig. 13.4b),
indicating that the adlayer composition is similar in both cases. The time evolution of
the current efficiency for formaldehyde oxidation to formic acid (solid line in
Fig. 13.6c), simply mirrors that of the current efficiency for CO2 formation.

Comparison with the formaldehyde adsorbate stripping trace (gray line in
Fig. 13.6b, data from Fig. 13.2b) implies that within the first minute after the potential
step, oxidation of preformed COad, which was generated upon interaction of formal-
dehyde with the Pt electrocatalyst at 0.06 V, contributes significantly to the total
faradaic current and to the total amount of CO2 formed during formaldehyde oxidation
at 0.6 V. Accordingly, the initial increase and later decay in selectivity for CO2

production during the first 2 minutes can be explained by oxidation of COad that
was pre-adsorbed before the potential step. Since the COad species initially present
on the surface are oxidized to CO2 in a two-electron reaction, whereas a four-electron
reaction was assumed when calculating the CO2 current efficiency, the CO2 efficiency
calculated during this initial phase is higher than the actual value. Finally, the slight
decreases in both faradaic and m/z ¼ 44 ion currents observed also after 10 minutes
of formaldehyde oxidation at 0.6 V are most likely due to a slight increase in the
steady-state COad coverage with time and/or a structural transformation in the result-
ing CO adlayer.

Conversion of the m/z ¼ 44 ion current into a partial faradaic reaction current for
formaldehyde oxidation to CO2 (four-electron reaction) shows that, under these exper-
imental conditions, formaldehyde oxidation to CO2 is only a minority reaction path-
way (dashed line in Fig. 13.6a). Assuming CO2 and formic acid to be the only
stable reaction products, most of the oxidation current results from the incomplete
oxidation to formic acid (dotted line in Fig. 13.6a). The partial reaction current for
CO2 formation on Pt/Vulcan at 0.6 V is only about 30% of that during formic acid
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oxidation under similar conditions, although the faradaic current for formaldehyde
oxidation (solid line in Fig. 13.6a) is about twice as high as that for formic
acid oxidation (solid line in Fig. 13.5a). In total, this results in a steady-state current
efficiency for CO2 formation of 14% for formaldehyde oxidation. This is significantly
less than the current efficiency for CO2 formation of about 55% (product yield of 37%)
reported from IR spectroscopy measurements on Pt(111) at a similar potential [Batista
and Iwasita, 2006]. While we cannot rule out differences in the electrochemical
properties of the two electrodes, we mainly attribute the much lower CO2 efficiency
in our measurements to the different mass transport conditions in the two experiments.
In the IR spectroscopy measurements, which were performed in a thin-layer configu-
ration with very slow diffusion of reactants/products to and from the electrode surface,
the probability of further oxidation of formic acid via re-adsorption is much higher
than in our flow cell measurements, where the off-transport of reaction products is
much more rapid.

We speculate that the high selectivity for formic acid formation during formaldehyde
oxidation under steady-state conditions is related to a relatively high CO adlayer cover-
age under these conditions compared with the other C1 reactants (see Fig. 13.1). This
statement is based on the higher tendency of formaldehyde towards oxidative COad

formation compared with the other reactants. Assuming that the COad oxidation rate
does not depend on the nature of the initial C1 species, this should result in a higher
steady-state COad coverage during formaldehyde oxidation than during formic acid or
methanol oxidation under the present conditions (for comparison, see also [Chen
et al., to be published]). Considering further that formaldehyde oxidation to CO2 is
more site-demanding than oxidation to formic acid (see above), this directly explains
the high current efficiency for formic acid formation. The nevertheless rather high far-
adaic current, which is significantly higher than the steady-state reaction currents for
methanol or formic acid oxidation, could be explained by considering that in aqueous
solution formaldehyde is largely hydrated to methylene glycol [Batista and Iwasita,
2006], which does not require OHad for formic acid or CO2 formation.

13.3.3.3 Methanol Oxidation The faradaic current transient (solid line in
Fig. 13.7a) exhibits the most pronounced initial current spike among the C1 bulk
oxidation transients, which may be due to the higher Hupd coverage (itself due to
the lower initial COad coverage). Subsequently, the faradaic current drops within
about 30 s to 0.12 mA and then stays about constant for the remaining time of the
experiment (10 minutes). In that respect, the MOR transient is distinctly different to
the initial faradaic current increase during formic acid oxidation (Fig. 13.5a) or the
delayed current increase observed during formaldehyde oxidation. Because of the sig-
nificant pseudocapacitive double-layer charging current contributions, it is hardly
possible to interpret the magnitude of the initial spike [Franaszczuk et al., 1992;
Housmans and Koper, 2003]. It is clear, however, from the similar feature in the
mass spectrometric m/z ¼ 44 ion current transient that this feature is not due solely
to pseudocapacitive charging effects, but contains reactive contributions as well
[Jusys et al., 2003], similar to the observation for formaldehyde oxidation (see
Section 13.3.3.2). (Note that because of the limited time resolution (1 s21) of the
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MS measurements, the actual height of the initial spike may be significantly greater
than indicated in Fig. 13.7b.) The steady-state MOR current of 0.12 mA at the end
of the measurement is significantly lower than that for formic acid oxidation and
much lower than that for formaldehyde oxidation under similar conditions.

Comparison with the methanol adsorbate stripping trace (gray solid line in
Fig. 13.7b) shows that also for methanol oxidation the continuous CO2 formation
rate under steady-state conditions is much higher than the maximum oxidation rate
of preformed COad, which resembles our observations for formic acid (solid line in
Fig. 13.5b) and formaldehyde (solid line in Fig. 13.6b) oxidation to CO2. However,
in contrast to the initial increase in the m/z ¼ 44 ion current with time for formic
acid and formaldehyde oxidation, the CO2 formation rate for methanol oxidation
drops within half a minute to a value that is at most half of that attained initially (in
the spike). Apparently, the higher CO2 efficiency during this initial phase not only
results from pre-adsorbed COad oxidation (for comparison, see the methanol adsorbate
stripping curve with its much lower current during the initial spike, which is included
as gray line in Fig. 13.7b), but also reflects a higher selectivity for CO2 formation
during initial methanol bulk oxidation.

The m/z ¼ 60 ion current (Fig. 13.7c), which results from methyl formate and
hence is indicative of formic acid formation, equally increases in a pronounced step
after raising the potential, and then decays slowly with time. (The higher noise in
these data is due to the very low concentration of methyl formate species.)

The current efficiencies for the different reaction products CO2, formaldehyde, and
formic acid obtained upon potential-step methanol oxidation are plotted in Fig. 13.7d.
The CO2 current efficiency (solid line) is characterized by an initial spike of up to
about 70% directly after the potential step, followed by a rapid decay to about 54%,
where it remains for the rest of the measurement. The initial spike appearing in the
calculated current efficiency for CO2 formation can be at least partly explained by a
similar artifact as discussed for formaldehyde oxidation before, caused by the fact
that oxidation of the pre-formed COad contributes only two electrons per CO2 mol-
ecule rather than six electrons, as assumed in the calculation of the current efficiency.
The current efficiency for formic acid oxidation steps to a value of about 10% at the
initial period of the measurement, and then decreases gradually to about 5% at the
end of the measurement. Finally, the current efficiency for formaldehyde formation,
which was not measured directly, but calculated from the difference between total
faradaic current and partial reaction currents for CO2 and formic acid formation,
shows an apparently slower increase during the initial phase and then remains about
constant (final value about 40%). The imitial increase is at least partly caused by
the same artifact as discussed above for CO2 formation, only in the opposite sense.

13.4 DISCUSSION

13.4.1 Mechanistic Aspects

The data presented in the preceding sections provide clear proof that the oxidation of
both methanol and formaldehyde over carbon-supported Pt/C catalysts can lead to
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very significant amount of incompletely oxidized reaction products in addition to the
complete oxidation product CO2. This is in perfect agreement with the formal reaction
scheme introduced by Bagotzky et al. (1977) and also later work [Petukhova et al.,
1977; Ota et al., 1984; Iwasita and Vielstich, 1986; Korzeniewski and Childers,
1998; Childers et al., 1999; Wang et al., 2001a; Jusys and Behm, 2001; Jusys et al.,
2003; Housmans et al., 2006]. Formic acid is produced in both reactions; methanol
oxidation also results in formaldehyde formation. For formic acid oxidation, CO2 is
the only reaction product. Under the present reaction conditions, CO2 formation con-
tributes about 50% of the faradaic current (or about 27% of the reaction products)
during methanol oxidation at 0.6 V; for formaldehyde oxidation under similar reaction
conditions, CO2 is only a minority reaction product.

While the data provide clear evidence for the formation of incomplete oxidation
products, and help to identify the nature of the stable adsorbate(s) formed upon inter-
action with the respective C1 molecules, the molecular-scale information on the actual
reaction mechanism and the main reaction intermediates is very indirect. Also, the
reaction step(s) at which branching into the different reaction pathways occurs (e.g.,
“direct” versus “indirect” pathway, or complete oxidation versus incomplete oxidation)
cannot be identified directly from these data. Nevertheless, by combining these and
the many previous experimental data, as well as theoretical results, conclusions on
the molecular-scale mechanism are possible, and are substantiated by a solid data base.

Before going into more detail, we will briefly summarize the different mechanistic
proposals and the experimental information available on possible reaction
intermediates.

1. For both methanol oxidation and formic acid oxidation, a “dual-pathway mech-
anism” has been proposed (for methanol oxidation, see Lamy et al. [1983]; Jarvi
and Stuve [1998]; Cuesta [2006]; Housmans et al. [2006]; Iwasita [2003]; for
formic acid oxidation, see Parsons and VanderNoot [1988]; Sun et al. [1988];
Willsau and Heitbaum [1986]; Miki et al. [2002]; Samjeské and Osawa
[2005]; Chen et al. [2006a, b, c]; Samjeské et al. [2005, 2006]; Miki et al.
[2004], Chang et al. [1989]), in which one reaction pathway proceeds via for-
mation and subsequent oxidation of COad (P, “indirect pathway”), while the
other leads, via one or more reaction intermediates RI, “directly” to CO2

(“direct pathway”) (Fig. 13.8a).

2. A similar reaction scheme is also likely for formaldehyde oxidation [Loucka
and Weber, 1968].

3. Whereas in the indirect pathway, COad is clearly identified as a reaction intermedi-
ate, the specific nature of the intermediate(s) in the direct pathway is under debate.
For methanol oxidation, species such as COH [Xia et al., 1997; Iwasita et al.,
1987, 1992; Iwasita and Nart, 1997], CHO [Zhu et al., 2001; Willsau and
Heitbaum, 1986; Wilhelm et al., 1987], COOH [Zhu et al., 2001], and adsorbed
formate species [Chen et al., 2003] have been proposed. Adsorbed formate
species were identified during formaldehyde oxidation [Samjeské et al.,
2007], methanol oxidation [Nakamura et al., 2007; Chen et al., 2003, unpub-
lished], and formic acid oxidation [Miki et al., 2002, 2004; Samjeské and
Osawa, 2005; Chen et al., 2006a, b, c; Samjeské et al., 2005, 2006].
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4. The adsorbed formate species identified by IR were proposed as reactive inter-
mediates for C1 oxidation [Chen et al., 2003; Miki et al., 2002, 2004; Samjeské
and Osawa, 2005; Samjeské et al., 2005, 2006]. For methanol [Nakamura et al.,
2007] and formic acid [Chen et al., 2006a, b, c] oxidation, this is, however,
under debate. Based on a quantitative evaluation of the correlation between for-
mate intensities and reaction rate at different concentrations [Chen et al.,
2006a, b, c], we favored a mechanism where adsorbed formic acid is “directly”
dehydrogenated to CO2 as the dominant reaction pathway under those reaction
conditions, while the IR-detected adsorbed formate species acts as a spectator
rather than as a reaction intermediate. The latter proposal is also supported by
recent DFT calculations [Hartnig et al., 2007a]. Final agreement, however,
has not yet been reached.

In the original proposal of the dual-pathway mechanism (for formic acid oxidation,
see [Capon and Parsons, 1973a, b, c]; for methanol oxidation, see [Parsons and
VanderNoot, 1988; Jarvi and Stuve, 1998; Leung and Weaver, 1990; Lopes et al.,
1991; Herrero et al., 1994, 1995]), both pathways lead to CO2 as the final product,
as illustrated in the reaction scheme depicted in Fig. 13.8a [Jarvi and Stuve, 1998].
In this mechanism, desorption of incomplete oxidation products was not included.
The existence of a direct reaction pathway for methanol oxidation, following the
dual-pathway mechanism, was justified by the observation of a methanol oxidation
current at potentials where COad oxidation is not yet active [Sriramulu et al., 1998,
1999; Herrero et al., 1994, 1995]. The validity of this interpretation was questioned,
however, by Vielstich and Xia (1995), who claimed that CO2 formation is observed
only with the onset of COad oxidation and that the faradaic current measured at
lower potentials is due to the formation of the incomplete oxidation products formal-
dehyde and formic acid. The latter findings were later confirmed by Wang et al.
[2001], Korzeniewski and Childers [1998], and Jusys et al. [2001, 2003]. In more

Figure 13.8 (a) Schematic representation of the original dual-pathway mechanism proposed
for the oxidation of small organic molecules. C1, reaction educt (e.g., formic acid or methanol);
RI, reaction intermediate; P, poisoning species (COad); CO2, complete oxidation product. The
numbers indicate partial reaction pathways: 1, C1 oxidation to the reactive intermediate;
2, further oxidation of the reactive intermediate to CO2; 3, decomposition of the reactive inter-
mediate to COad; 4, C1 decomposition to COad; 5, COad oxidation to CO2. (b) Schematic rep-
resentation of the expanded dual-pathway mechanism, including the formation of incomplete
oxidation products (formaldehyde and formic acid). (Reproduced with permission from Jarvi
and Stuve [1998].)

13.4 DISCUSSION 443



recent studies, the definition of the dual-pathway mechanism was not always
consistent, and in some cases, the reaction pathway leading to incomplete oxidation
products was described as second reaction pathway in the dual-pathway mechanism
[Cao et al., 2005]. For clarity, we suggest that the formation of incomplete oxidation
products be included in the reaction scheme, in addition to the direct and the indirect
pathway, which results in the expanded reaction scheme presented in Fig. 13.8b.
A more detailed reaction scheme proposed recently by Housmans et al. [2006]
agrees in most aspects with that simple scheme. The dashed arrows indicate the poss-
ible formation of the incomplete oxidation products formaldehyde and formic acid
from the reaction intermediate in the direct pathway and their possible readsorption
(two-headed arrow), and the (irreversible) formation of CO2 from these two reaction
products. The dotted arrow accounts for COad formation upon re-adsorption and
dehydrogenation of the incomplete oxidation products.

Furthermore, it is important to distinguish between adsorbed side products on the
one hand, which may be formed reversibly or irreversibly, but are not involved in
the actual reaction pathway (“spectator species”), and real reaction intermediates on
the other hand, where the latter are part of the reaction pathway to the final product.
In a reaction network including different parallel pathways to the final product, such
reaction intermediates may occur in each of these pathways, for example, in the domi-
nant “majority” reaction pathway and in minority pathways. As one example, it was
shown by quantitative ATR-IRS measurements that for formic acid oxidation on a
Pt film electrode at potentials around 0.6 V, the indirect pathway is a minority pathway
[Chen et al., 2006b, c; Samjeské et al., 2005, 2006], contributing less than 1% to the
total faradaic current [Chen et al., 2006b, c]. In that case, COad can be considered
as reaction intermediate in a minority pathway. Often reaction intermediates are
short-lived species, which, because of their very low steady-state coverage, are not
detectable spectroscopically. It is important to note that both spectator species and
reaction intermediates in a minority pathway can significantly affect the dominant
reaction pathway as well, for example by blocking the reactive surface. In the above
case, the reaction intermediate in the minority pathway, COad, affects the main reaction
path by blocking the surface with a reaction-inhibiting CO adlayer.

In the following, we will discuss four points that are relevant for the mechanistic
understanding of the C1 oxidation reaction and where the present data can contribute.
Since formic acid oxidation leads to a single reaction product only and the mechanism
for formic acid oxidation has been discussed in detail in recent publications [Miki
et al., 2002, 2004; Samjeské and Osawa, 2005; Chen et al., 2006a, b, c; Samjeské
et al., 2005, 2006], we will concentrate on methanol and formaldehyde oxidation.
For these reactions, one may formulate the following questions:

1. Does methanol (or formaldehyde) oxidation along the direct pathway lead
“directly” to CO2 or are incomplete oxidation products formed first, which
are then oxidized further to finally result in CO2 formation (dashed arrows in
Fig. 13.8b)?

2. A similar question may also be asked for the indirect pathway: Is COad directly
formed by methanol decomposition, or does it result from a follow-up reaction,
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such as methanol oxidation to formaldehyde in a first step, and subsequent
formaldehyde decomposition to COad (dotted arrow in Fig. 13.8b).

3. What are the probabilities of incomplete oxidation product formation in a single
adsorption/reaction event, without considering effects related to re-adsorption
and subsequent further reaction.

4. At which stage of the reaction process does the branching into the different
parallel pathways occur?

The first question asks essentially the same question as has been raised previously
by Vielstich and Xia for methanol oxidation [Vielstich and Xia, 1995], namely,
whether it is possible to “directly” produce CO2 along the “direct” pathway (not via
formation and oxidation of COad), or whether this occurs via formation and sub-
sequent re-adsorption and further oxidation of the incomplete oxidation products
formaldehyde and formic acid. We have shown previously for bulk oxidation of
methanol over Pt/Vulcan thin-film electrodes that the product distribution depends
sensitively on catalyst loading [Jusys et al., 2003]. The fraction of CO2 increased
with increasing catalyst loading, mainly on the expense of formaldehyde formation,
while the formic acid content in the product distribution changed little. This was
explained by a “desorption–re-adsorption” mechanism, where volatile incomplete
oxidation products can desorb into the diffusion layer and subsequently either leave
the diffusion layer into the flowing bulk electrolyte or adsorb again. In the latter
case, the adsorbed species can either undergo further oxidation or desorb again, to
start the same cycle. This mechanism leads to an increasing fraction of incomplete oxi-
dation products in the exit stream with decreasing catalyst loading [Childers et al.,
1999; Wang et al., 2001b; Jusys et al., 2003] or increasing electrolyte flow [Wang
et al., 2001a]. Similar trends were reported also for ethanol oxidation over polycrystal-
line Pt electrodes and a Pt/C thin-film catalyst electrode, where the amount of acetic
acid increased at the expense of acetaldehyde for the higher surface area Pt/C catalyst
[Wang et al., 2004]. These findings are in perfect agreement with concepts developed
in heterogeneous catalysis, where it is well known that with increasing space velocity
(lower catalyst loading at constant reactant flow, or higher reactant flow at constant
catalyst loading) the system and therefore also the product distribution move
further away from the equilibrium composition [Thomas and Thomas, 1997].
Hence, the present findings clearly indicate that desorption and re-adsorption plus
further reaction of the volatile incomplete oxidation products play an important role
in the reaction process and contribute significantly to the observed CO2 formation.
Based on the present data, we cannot exclude, however, the possibility that CO2

can be formed “directly,” without involving the formation of adsorbed or dissolved
formaldehyde and/or formic acid (at zero probability for re-adsorption). Hence, reac-
tion along the direct reaction pathway in Fig. 13.8b could not be confirmed, but also
could not be ruled out.

With regard to the second question, while COad formation from methanol is
slow at potentials in the Hupd region, formaldehyde adsorption transients on a Pt
film electrode showed rapid COad formation under these condition [Chen et al., to
be published]. Furthermore, Korzeniewski and Childers [1998] reported increasingly
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higher formaldehyde yields with decreasing potential, at potentials below 0.2 V (up to
30–40% at about 0.05 V) for methanol oxidation over a polycrystalline Pt electrode. On
the other hand, despite the high formaldehyde yields, the absolute rates and partial
currents for formaldehyde formation are very low under these conditions, i.e., the
high formaldehyde yields during methanol oxidation result solely from the fact that at
potentials cathodic of 0.5 V, the CO2 formation rate is even lower than the formaldehyde
formation rate. Considering that the amount of oxidized methanol, and hence also of
formaldehyde formation, during potentiostatic methanol oxidation is of the order of
one nanomole per second at 0.6 V, and even much lower in the Hupd potential range,
this sequential pathway for COad formation does not seem to be sufficient to explain
the COad formation rate upon interaction with methanol. COad formation by direct
decomposition of methanol has to be possible, although contributions from a pathway
via initial oxidation to (free) formaldehyde and subsequent re-adsorption plus dehydro-
genation to COad will be present [Olivi et al., 1994].

The reaction sequence of formaldehyde formation and subsequent COad formation
can proceed either as sequential reactions of adsorbed species, or it can involve
formation and desorption of formaldehyde into the electrolyte and subsequent
re-adsorption and further decomposition of formaldehyde to COad. Considering the
significant transport and catalyst loading effects discussed above, it is clear that
desorption and subsequent re-adsorption plus dehydrogenation of formaldehyde
will play an important role also for COad formation, although a direct reaction of
adsorbed RIad species can not be ruled out.

I the context of the third question, for comparison with theory, it would be interest-
ing to know the selectivities for direct CO2 formation and for desorption of the incom-
plete oxidation products formaldehyde and formic acid during methanol oxidation in a
single adsorption/reaction event. Under steady-state conditions and at 0.6 V, the
measured (overall) selectivity for CO2 formation (CO2 current efficiency) reached
values as low as 30% on a Pt/C catalyst for low catalyst loadings (7 mgPt cm22)
[Jusys et al., 2003]. For smooth Pt electrodes, this value was even lower [Wang
et al., 2001a]. On the other hand, even on a smooth surface and under enforced elec-
trolyte transport, a molecule desorbing from the surface is likely to undergo several
collisions with the surface, before it finally leaves the diffusion layer into the flowing
electrolyte and is transported away. Each of these collisions can be considered as one
attempt for re-adsorption. For a catalyst layer, this number will be much higher.
Although it is clear from the present data that the selectivity for “direct” CO2 formation
in a single reaction event, compared with desorption of an incompletely oxidized
reaction product, must be low (of the order of 10% or less), it is not possible at
the moment to deduce quantitative numbers, because of the unknown number of
re-adsorption events.

The much lower amount of formic acid formation during methanol oxidation
compared with formaldehyde oxidation agrees with expectations if we assume that
formic acid is predominantly formed by further oxidation of (free) molecular formal-
dehyde produced in a first step of methanol oxidation. Under the present reaction
conditions, only a very small fraction, about 1 part per thousand, of the total reactant
passing through the cell reacts to give formaldehyde, formic acid, or CO2. The rest
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leaves the cell without reaction. Even accounting for the possibility that the probability
for re-adsorption and further oxidation to formic acid is much higher for formaldehyde
formed within the catalyst layer than for formaldehyde entering the reaction cell, the
relative amount of formic acid formed this way must be smaller than during bulk oxi-
dation of a 0.1 M formaldehyde solution.

The answer to the fourth question—the reaction step responsible for the observed
branching into the different pathways—can only be speculated upon. If during metha-
nol oxidation this is decided already in the first reaction step, by either C–H bond
breaking (–CH2OH formation and subsequent decomposition to COad) or O–H
bond breaking (–OCH3 formation and subsequent dehydrogenation to adsorbed
HCHO), as was proposed in theoretical studies [Cao et al., 2005; Taylor and
Neurock, 2005], this would mean that at 0.6 V and under the present reaction con-
ditions, O–H bond breaking is the dominant initial step (40% current efficiency or
65% product selectivity for formaldehyde formation). This would be very surprising
in view of previous discussions, where C–H bond breaking was considered to be
much more effective at not too high potentials [Greeley and Mavrikakis, 2004; Cao
et al., 2005; Taylor and Neurock, 2005]. On the other hand, if, adsorbed formaldehyde
is formed in a concerted step of C–metal bond formation (C–H bond breaking)
and transfer of the –OH hydrogen atom to an adjacent, hydrogen-bridge-bonded
water molecule, as it was proposed by Hartnig et al. [2005, 2007], then methanol
oxidation/dehydrogenation would start by C–H bond breaking for all reaction
pathways. In that case, branching would occur upon formation of adsorbed formal-
dehyde, for example by desorption of adsorbed formaldehyde competing with its
further dehydrogenation to COad.

Similar ideas can be applied to formaldehyde oxidation. For bulk formaldehyde
oxidation, we found predominant formic acid formation under current reaction
conditions rather than CO2 formation. Hence, it cannot be ruled out, and may even
be realistic, that formaldehyde is first oxidized to formic acid, which can subsequently
be oxidized to CO2. The steady-state product distribution at 0.6 V is much more favor-
able for such a mechanism as in the case of methanol oxidation. On the other hand,
because of the high efficiency of COad formation from formaldehyde, this process
is likely to proceed directly from formaldehyde adsorption rather than via formation
and re-adsorption of formic acid. Alternatively, the second oxygen can be introduced
via formaldehyde hydration to methylene glycol, which could be further oxidized to
formic acid and finally to CO2 (see the next paragraph).

The present and previous findings discussed in the preceding paragraphs are
summarized in the more detailed reaction scheme depicted in Fig. 13.9. There, we
explicitly include also the reversible exchange between adsorbed species, dissolved
educts, and products in the catalyst layer and the same species in the bulk electrolyte.
Starting with methanol adsorption and dehydrogenation, there seems to be general
agreement among theoretical studies that adsorption via the carbon atom (C–H
activation) and stepwise dehydrogenation finally results in COad [Greeley and
Mavrikakis, 2004], which at sufficiently anodic potentials can be oxidized to CO2

(“indirect pathway”). Furthermore, there is general agreement in these studies also
about the formation of an adsorbed formaldehyde species [Greeley and Mavrikakis,
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2004; Hartnig and Spohr, 2005], although the proposals for the reaction pathways
differ. In several studies, this was proposed to result from O–H bond breaking and
subsequent transfer of a C-bonded H atom to the Pt substrate [Greeley and
Mavrikakis, 2004]. Hartnig et al. predicted a mechanism in which the CH3OH
molecule is polarized by formation of a hydrogen bond between the OH hydrogen
and a neighboring water molecule. Upon adsorption (via the C atom), one H atom is
transferred to the Pt substrate, and the OH hydrogen is fully transferred to the neighbor-
ing water molecule, resulting in an adsorbed HCHOad molecule [Hartnig and Spohr,
2005; Hartnig et al., 2007b]. Desorption of this species into the catalyst layer will
result in formaldehyde as an incomplete oxidation product, which can either re-adsorb
or finally diffuse into the bulk electrolyte. Based on the above theoretical studies, there
would be no “direct” pathway to CO2 in addition to that via formation, possibly

Figure 13.9 Reaction scheme for C1 molecule oxidation on a Pt/C catalyst electrode, includ-
ing reversible diffusion from the bulk electrolyte into the catalyst layer, (reversible) adsorption/
desorption of the reactants/products, and the actual surface reactions. The different original
reactants (educts) and products are circled. For removal/addition of H, we do not distinguish
between species adsorbed on the Pt surface and species transferred directly to neighboring
water molecule (Had, Hþ); therefore, no charges are included (Hþ, e2). For a description of
the individual reaction steps, see the text.
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desorption and re-adsorption, and further oxidation of the incomplete oxidation product
formaldehyde.

For formaldehyde oxidation, the formaldehyde reactant molecule diffuses reversi-
bly from the bulk electrolyte (HCHObulk, circled in Fig. 13.9) into the catalyst layer
(HCHOcat) and finally adsorbs (reversibly). Independent of its origin, from methanol
oxidation or formaldehyde adsorption, adsorbed formaldehyde is in equilibrium with
formaldehyde dissolved in the catalyst layer (HCHOcat) and in the bulk (HCHObulk).
On the other hand, further dehydrogenation results in adsorbed formyl species and
finally in adsorbed CO. Both reaction steps are strongly exothermic and therefore irre-
versible (see the references cited above). In aqueous solution, formaldehyde is in equi-
librium with methylene glycol, which is proposed to form adsorbed formate species
upon adsorption (see also Housmans et al. [2006]). These adsorbed species in turn
can desorb as formic acid (upon protonation). Formic acid was shown in previous
studies to dehydrate to COad or to form CO2, either “directly” [Chen et al.,
2006a, b, c] or via the IR spectroscopically detected adsorbed formate [Miki et al.,
2002] (in addition to COad formation and oxidation via the indirect pathway). Owing
to the additional supply of oxygen via formaldehyde hydration, CO2 formation
during formaldehyde oxidation is possible without the requirement for OHad formation.

Although the present data do not allow us to decide on the reaction steps leading to
adsorbed formaldehyde during methanol oxidation, the large fraction of formaldehyde
formation at 0.6 V (about 65%) leads us to favor the reaction pathway via C–H
activation rather than via O–H activation (see above), as proposed by Hartnig et al.
[2005, 2007a, b], but in contrast to other theoretical studies [Greeley and
Mavrikakis, 2004; Cao et al., 2005; Taylor and Neurock, 2005]. This is also a
major difference from the very detailed reaction scheme proposed recently by
Housmans et al. [2006]. Since the formation of COad and CO2 is irreversible under
present reaction conditions, while most other steps are reversible (see Fig. 13.9), an
increasing probability of re-adsorption and further oxidation of the incomplete oxi-
dation products formaldehyde and formic acid will drive the system more towards
these stable products, as discussed above. The reaction scheme in Fig. 13.9 underlines
that it is indeed possible to produce both CO2 and COad via re-adsorption of the incom-
plete methanol oxidation products formaldehyde and formic acid. It is still not poss-
ible, however, to provide unambiguous proof of the existence of a “direct” pathway as
defined in Fig. 13.8b for methanol oxidation (and similarly for formaldehyde
oxidation) that does not proceed via formation of the incomplete oxidation products
formaldehyde and/or formic acid.

In summary, this discussion illustrates the general importance of transport
processes in many (electro)catalytic reactions. These have to be addressed properly
for a detailed (and quantitative) understanding of the molecular-scale mechanism.
Because of the problems associated with the direct identification of the reaction inter-
mediates (see above), experiments on nanostructured model electrodes with a well-
defined distribution of reaction sites of controlled, variable distance and under equally
well-defined transport conditions (first attempts in this direction are described in
[Lindström et al., submitted; Schneider et al., 2008]), in combination with detailed
simulations of the ongoing transport processes and theoretical calculations of the
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electrode surface reactions, seem to be a promising alternative for elucidating the
mechanism of the complex reaction process for methanol oxidation on Pt.

13.4.2 Role of Incomplete Oxidation Products for
Fuel Cell Applications

The finding of very substantial amounts of incomplete oxidation products for metha-
nol and formaldehyde oxidation can have considerable consequences for technical
applications, such as in DMFCs. In that case, the release of formaldehyde at the
fuel cell exhaust has to be avoided not only from efficiency and energetic reasons,
but in particular because of the toxicity of formaldehyde. While in standard DMFC
applications the catalyst loading is sufficiently high that this is not a problem, i.e.,
only CO2 is detected [Aricò et al., 1998], the trend to reducing the catalyst loading
or applications in micro fuel cells may lead to situations where the formation of incom-
plete oxidation products could indeed become problematic (see also Wasmus et al.
[1995]). For such purposes, one could define a maximum space velocity above
which formation of incomplete oxidation products may become critical.

Finally, it should also be noted that the product distribution will depend on the reac-
tion temperature, with an increasing fraction of CO2 being expected for higher temp-
eratures. Considering typical reaction temperatures in a DMFC (80–120 8C), this
would further shift the critical limit for catalyst loading to lower values (or the critical
space velocity to higher values). Accordingly, this effect would be more limiting for
applications requiring lower operating temperatures (e.g., at or slightly above room
temperature), as met, for example, in portable applications.

In summary, the formation of incomplete oxidation products seems to be unproble-
matic for standard DMFC applications, at least at the present catalyst loadings.
Nevertheless, the general problematics have to be kept in mind, not only for DMFC
applications, but also for other fuels (and fuel cells), such as ethanol oxidation,
where incomplete oxidation products are equally possible. Properly performed
model studies, using appropriate reaction conditions, can give valuable information
on the product distribution under certain reaction conditions, and on the critical
values of catalyst loading or space velocity for the appearance of certain incomplete
oxidation products, and are often more informative for elucidating these basic reaction
characteristics than measurements at the exhaust of a fuel cell, which largely represent
the specific design (flow field geometry, catalyst loading and utilization, etc.), rather
than intrinsic reaction and catalyst properties [Rao et al., 2007]. Nevertheless, in the
end, proposals based on model studies like the present one have to be verified in
fuel cell test measurements, by evaluating the composition of the exhaust by mass
spectrometry [Wasmus et al., 1995; Lin et al., 1997; Seiler et al., 2004; Neergat
et al., 2006; Rao et al., 2007].

13.4.3 Implications for Reaction Modeling

Kinetic results such as those presented in the previous sections, which could be further
extended by varying the reaction parameters (reactant concentration, electrode poten-
tial, catalyst loading, electrolyte flow rate, and reaction temperature), can serve as basis
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for a systematic modeling of the reaction process in a DMFC or direct formic acid fuel
cell. In contrast to standard modeling procedures, where the oxidation of the reactant is
described by an overall kinetic rate law (most simply some kind of a power law), data
of the present type would allow the reaction process to be described in a much more
realistic way, including also the formation and subsequent further oxidation of the
incompletely oxidized reaction side products. Measurements such as those described
here can provide rate constants for all different partial reactions; methanol oxidation to
formaldehyde, formic acid, and CO2; further oxidation of formaldehyde to formic acid
and CO2; and finally oxidation of formic acid to CO2.

For a simple description, one could use a segmented plug flow reactor model, where
the reaction-induced changes in reactant and product concentrations are calculated for
each segment and where the outlet concentrations of the nth segment are identical to
the input concentrations of the (n þ 1)th segment [Levenspiel, 1972]. Considering
the measured steady-state reaction currents of 100 mA, which are equivalent to a
reaction rate of about 0.5 nmol s21, and an electrolyte flow rate of 5 mL s21, the
reaction-induced decrease in reactant concentration in the present setup and under
present reaction conditions is negligible (about 1 part per thousand conversion).
Hence, the DEMS cell is operated under differential reaction conditions (constant
reactant concentration throughout the reactor). Therefore, the reaction rates and the
product distributions measured under steady-state conditions for the different C1

molecules are characteristic for reaction of 0.1 M reactant solution under the present
reaction conditions (space velocity and temperature). For modeling the reaction
under technical conditions, with significant conversion in the cell (integral reaction
conditions), a number of measurements of a similar type would be required, covering
the full range of reactant concentrations present in the reaction cell.

The situation becomes more complicated by the fact that the incompletely oxidized
side products are not only reactive, but may also affect the activity of the catalyst for the
main reaction, for example by modifying the composition of the steady-state adlayer.
This may be particularly important in the later part of the reactor, where the concen-
tration of these side products will be higher than at the reactor inlet. As a result, the reac-
tions of the different reactive components in the electrolyte can no longer be considered
as independent. Therefore, in order to properly describe the accumulation and further
oxidation of the incompletely oxidized reaction products along the reaction cell,
measurements using representative mixtures of the three C1 molecules are required.

Finally, for relevant fuel cell modeling, the kinetic model studies should be
performed under similar temperature and pressure conditions, i.e., at temperatures in
the range of 80–120 8C and pressures up to 3 bar, and at comparable space velocities.
The first flow-cell and DEMS measurements under such temperature and pressure con-
ditions are currently underway in our laboratory.

13.5 SUMMARY

The adsorption and oxidation of the C1 molecules methanol, formaldehyde, and
formic acid over a carbon-supported Pt/C fuel cell catalyst under continuous electro-
lyte flow have been investigated in a quantitative, comparative online DEMS study.
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Based on the number of electrons required for their oxidation, the stable adsorbates
remaining on the surface after adsorption in the Hupd potential region and subsequent
electrolyte exchange were identified as COad. The saturation coverages reached
after 10 minutes’ adsorption from 0.1 M C1 solution decrease in the order
formaldehyde . formic acid . methanol, assuming coverages between 87% and
10% of the coverage of a saturated CO adlayer obtained by exposure to a CO-
containing electrolyte. The C1 adsorbates are easier to oxidize than a CO adlayer of
similar coverage prepared by CO adsorption. This is reflected by a downshift of the
oxidation peak, both of the onset and of the maximum, in potentiodynamic stripping
experiments and in a faster oxidation with no induction period in potentiostatic
stripping experiments. The differences in oxidation behavior are tentatively assigned
to a different distribution of the COad molecules after C1 and after CO adsorption,
respectively.

Potentiodynamic oxidation of methanol and formaldehyde reveals considerable
formation of incomplete oxidation species (formaldehyde and formic acid, respect-
ively) under the present reaction conditions, with potential-averaged CO2 current
efficiencies of about 50% for methanol oxidation and 20% for formaldehyde
oxidation. In the positive-going scan, the onset of the oxidation reaction differs signifi-
cantly for the three reactants, with onset potentials of 0.1 V (formic acid), 0.4 V
(methanol), and 0.55 V (formaldehyde), respectively. The higher onset potential for
formaldehyde oxidation compared with methanol oxidation is attributed to the
much higher COad coverage, which inhibits the reaction start. For formic acid
oxidation, the reaction is possible already in the presence of a CO adlayer and at
potentials far below the onset of OHad formation, which was the first evidence for a
direct pathway for formic acid oxidation. In the negative-going scan, the similar
onset potential for the main oxidation peak for all three reactants is correlated to the
reduction of the oxidized/OHad-covered Pt surface, underlining also the much
higher activity of the bare metallic Pt surface compared with the oxidized surface.
In both scan directions, the maximum formaldehyde oxidation rate is at least twice
as high as those for methanol and formic acid oxidation.

The current efficiency for formic acid formation during methanol oxidation is
below 10%, leaving formaldehyde as the main incomplete oxidation product under
the present reaction conditions. The dominant formation of incomplete oxidation
products at the onset of the reaction in the positive-going scan points to a lower site
requirement for incomplete oxidation compared with complete oxidation to CO2.
For both methanol and formaldehyde oxidation, the CO2 current efficiency exhibits
a characteristic double-peak structure in the positive-going scan, with maxima at
about 0.62/0.7 V and 0.8/0.9 V for methanol and formaldehyde oxidation, respect-
ively. The first maximum, which coincides with the COad stripping peak, is attributed
to the oxidation of COad that was formed in the low potential region of the preceding
negative-going scan and the present positive-going scan. The second maximum
reflects an inherently higher activity for CO2 formation on the Pt surface in the absence
of reaction-hindering adlayers. It results mainly from CO2 formation by direct
oxidation of the respective reactant. At increasing potential, both the overall reaction
rate and the CO2 efficiency decrease owing to the increasing coverage of adsorbed
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OH/oxide species. At potentials anodic of 1 V, incomplete oxidation of formaldehyde
to formic acid is activated, while methanol oxidation is almost completely hindered.
This reflects an easier oxidation of the C–H group in the aldehyde than in the alcohol.
For the negative-going scan, where the COad coverage at the onset of oxidation is
negligible, there is no such double-peak structure in the current efficiency.

The oxidation transients, recorded after stepping the potential from 0.16 to 0.6 V,
show similar characteristics. At 0.6 V, the steady-state faradaic current decreases in the
order formaldehyde . formic acid . methanol. A higher CO2 efficiency in the initial
stage of the transient is attributed to the oxidation of COad that was formed while hold-
ing the electrode at 0.16 V. The current efficiencies and product distributions follow
the trends observed for potentiodynamic oxidation, with a significantly higher
steady-state current at 0.6 V for formaldehyde oxidation than for formic acid and
methanol oxidation. The steady-state current efficiency for CO2 formation is much
lower during formaldehyde formation (8%) than for methanol oxidation (50% CO2

current efficiency and 10% formic acid current efficiency). For all three reactants,
the steady-state currents at 0.6 V are between those obtained for potentiodynamic
oxidation in the positive-going and negative-going scans at the same potential,
and the same is true also for the CO2 current efficiencies during methanol and
formaldehyde oxidation. This was explained by a reaction-dominating role of the
adlayer during the reaction, with higher adlayer coverage during the positive-going
scan and lower coverage during the negative-going scan compared with the steady-
state situation.

The results have been compared with the earlier proposal of a dual-pathway mech-
anism for C1 oxidation, and, together with previous experimental and theoretical
results, summarized in a comprehensive reaction scheme that explicitly includes
also the (reversible) exchange between adsorbed species, dissolved product species
in the catalyst layer, and similar species in the bulk electrolyte. The traditional dual-
pathway mechanism, where both the direct and indirect pathways lead to CO2

formation, has beenextended by adding a third pathway that accounts for formation
and desorption of incomplete oxidation products. In the mechanistic discussion, we
have focused on the role in and contribution to the C1 oxidation process of the
formation/desorption and re-adsorption plus further oxidation of incomplete
oxidation products. This not only leads to faradaic currents exceeding that for CO2

formation, but may result in additional COad and CO2 formation, via adsorption and
oxidation of the incomplete oxidation products.

Finally, we have discussed the effect of incomplete C1 oxidation product formation
for fuel cell applications and the implications of these processes for reaction modeling.
While for standard DMFC applications, formaldehyde and formic acid formation will
be negligible, they may become important for low temperature applications and for
microstructured cells with high space velocities. For reaction modeling, we have
particularly stressed the need for an improved kinetic data base, including kinetic
data under defined reaction and transport conditions and kinetic measurements on
the oxidation of C1 mixtures with defined amounts of formaldehyde and formic
acid, for a better understanding of cross effects between the different reactants at an
operating fuel cell anode.
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Wang H, Löffler T, Baltruschat H. 2001a. Formation of intermediates during methanol
oxidation: A quantitative DEMS study. J Appl Electrochem 31: 759–765.

Wang H, Wingender Ch, Baltruschat H, Lopez M, Reetz MT. 2001b. Methanol oxidation on Pt,
PtRu, and colloidal Pt electrocatalysts: A DEMS study of product formation. J Electroanal
Chem 509: 163–169.

REFERENCES 463



Wang H, Jusys Z, Behm RJ. 2004. Ethanol electrooxidation on a carbon-supported Pt catalyst:
Reaction kinetics and product yields. J Phys Chem B 108: 19413–19424.

Wang H, Jusys Z, Behm RJ. 2006. Electrooxidation of acetaldehyde on carbon-supported Pt,
PtRu and Pt3Sn and unsupported PtRu0.2 catalysts: A quantitative DEMS study. J Appl
Electrochem 36: 1187–1198.

Wasmus S, Wang J-T, Savinell RF. 1995. Real-time mass spectrometric investigation of the
methanol oxidation in a direct methanol fuel cell. J Electrochem Soc 142: 3825–3833.

Waszczuk P, Wieckowski A, Zelenay P, Gottesfeld S, Coutanceau C, Léger J-M, Lamy C. 2001.
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