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Highlights

e All C1 molecules follow a dual path mechanism, with adsorbed CO the catalytic poison
formed in the indirect path.

e The presence of sites with different reactivity, and the rate of surface diffusion of adsorbed
CO, determine the rate and potential range within which CO is oxidised.

e Adsorbed formate appears during the oxidation of all C1 molecules, but its actual role in the
reaction mechanism is still unclear.

e The direct and indirect reaction pathways have different site requirements. Three
contiguous Pt atoms are required in the indirect path leading to adsorbed €O, while just two
adjacent Pt atoms suffice for complete oxidation to CO, through the direct path.
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Abstract

C1 molecules are potential alternative fuels for fuel cells, with a higher volume-specific energy
density than hydrogen, and with higher energy conversion efficiencies than heavier organic
molecules like ethanol, because their oxidation does not require the rupture of.any C—C bonds.
However, the development of economically competitive direct C1 fuel cells is. hampered by CO
poisoning and by the necessity to employ Pt-based electrocatalysts. Reducing COypoisoning to a
tolerable level and developing cheaper and durable electrocatalysts requires. a*deep knowledge of
the reaction mechanism on Pt, the archetypal electrocatalyst. In thisbrief review we summarise
current knowledge in this field.

Introduction

Although hydrogen is the fuel with the highest possible‘mass-specific energy density, being a gas, it
has a very low volume-specific energy density, which,poses-a problem, particularly if hydrogen-fed
PEMFCs are to be deployed in transport applications: This can be alleviated by compressing
hydrogen at high pressures, though at the cost of generating a potential safety hazard (and of
requiring energy, decreasing the overall efficiency.of the energy conversion process).

Alternatively, PEMFCs can be directly.fed, liquid organic fuels with a higher volume-specific energy
density, although in this case emissions will contain CO, in addition to water. The energy cycle can
still be carbon-neutral, though/if the fuel has been generated via CO, reduction using electricity
from renewables, or if it is a/biofuel. Even if this is not the case, CO, emissions might be reduced, as
compared with those resulting from combustion engines, due to the inherent higher efficiency of
fuel cells.

Although energy density increases with the number of carbons in the molecule, total oxidation of
oxygenated C1.molecules (formic acid, formaldehyde and methanol) is more efficient than that of
CH, or of molecules with a higher number of carbons, because breaking C—C bonds is not necessary,
and at least one.C=0 bond is already present. However, the catalyst is easily deactivated due to CO
poisoning, and/reactivation of the catalyst requires the elecrooxidation of chemisorbed CO (CO,q).
Develeping new electrocatalysts for the oxidation of C1 molecules with high activity, resistant to CO
poisoning, and with high durability requires a detailed knowledge of the mechanism of all the
reactioin pathways, including the electrooxidation od CO,4. This chapter reviews current knowledge
of the mechanism of the electrooxidation of carbon monoxide and C1 molecules on platinum (the
archetypal electrocatalyst).

Electrooxidation of carbon monoxide



Significant work on the electrooxidation of CO on Pt electrodes started in the 60’s in the Research
Laboratories of General Electric in Schenectady, N. Y., with Gilman and Breiter. Gilman was the first
to propose that the electrooxidation of CO takes place by what he called a “reactant-pair”
mechanism [1], in which CO,q reacts with an adjacent adsorbed water molecule, in what is in effect a
Langmuir-Hinshelwood mechanism. This is still at the basis of our current understanding of the
reaction mechanism, although the oxygen donor is now assumed to be adsorbed OH (OH,),
generated upon oxidation of interfacial water. The main remaining open question refers to the
mobility of CO,,.

Breiter was the first to detect, using galvanostatic methods, that both on platinized platinum [2] and
smooth Pt [3] electrodes there are two types of chemisorbed CO, one oxidized between 0:2 and 0.4
V vs. RHE (a potential region currently known as the pre-peak or the pre-igition wavée, depending on
authors), and another oxidized at higher potentials. The nature of the low-poténtial pre-peak has
been the subject of intensive research [4—13], and will be discussed here in some detail.

It is now firmly established that the potential at which CO is first admitted\to the electrolytic cell
crucially determines the electrocatalytic properties of Pt for CO electfooxidation: if the admission
potential is lower than 0.3 V vs. RHE, a pre-peak appears at potentials between 0.4 and 0.6 V,
followed by the main peak at about 0.7 to 0.9 V (the exact peak potential depends strongly on the
surface structure, including the presence of defects when working with single-crystal electrodes),
while if the Pt electrode is held at higher potentials déring’CQO/admission only the main peak
appears. In the presence of CO in the solution, diffusion=limited.oxidation of bulk CO can occur in the
potential region corresponding to the pre-peak.

Fig. 1 shows plots of the CO-coverage, obtained.from CO-stripping voltammograms, on Pt(111) [11],
Pt(100) [12], and Pt(poly) [9] electrodes in CO-free 0.1yM H,SO, as a function of the dosing potential
(Eg). In the case of the Pt(poly) electrode, the'coverage as obtained from the integration of the CO,-
band in FT-IR spectra has also been included. In-all cases, the conditions under which the pre-peak
appears are also those under which.the maximum CO,4 coverage can be achieved.

The pre-peak has usually been/attributed to the oxidation of CO,4 at defect sites [9-12,14-16],
although the exact nature of the defects has been a question of debate, proposals ranging from step
sites [10] to nanoislands [16].The pre-peak, and in general the presence of more than one peak in
CO-stripping voltammograms, has been often associated to the slow diffusion of CO,4 on Pt surfaces
[9-12,17,18]. Slow ,€O,4 diffusion would explain the formation of different kinds of CO adlayers on
Pt(100) at different £y, with clearly different CO-stripping voltammograms [12], and would agree
with observations based on infrared reflection-absorption experiments (IRRAS) [19], according to
which theflocal CO/coverage remains high during CO-stripping even when the total coverage has
decreased to 0,06 ML. On the contrary, high diffusion coefficients of 10 — 10™ cm? s™ have been
estimated for CO,q4 on Pt by fitting CO-stripping current transients to a mean-filed Langmuir-
Hinshelwood model [20]. We have suggested that the rate of diffusion might depend on the CO
coverage or even the size of CO domains [11]. A later time-resolved infrared study of the dynamics
of CO,q electrooxidation by Samjeské et al. [21] revealed that the mobility of CO,4 increases
significantly indeed in the main peak, after partial oxidation of the adlayer via a nucleation-and-
growth mechanism. They also found that diffusion of CO.4 on terraces is much faster than that of
CO,q at step edges. Recently, Wang and Abrufia [22] have suggested that, even if CO.q4 diffusion is
fast, multiple peaks associated to reaction at different sites may arise due to the competition



between CO,4 and OH,4 for the most reactive sites once the CO initially on those sites has been
stripped.

Electrooxidation of formic acid, formaldehyde and methanol

The dual-path mechanism

A common characteristic in the electrooxidation of methanol, formaldehyde and formic acid is that
all three follow a so-called dual-path mechanism. The dual path mechanism is illustrated in Scheme
1. Please note that the sequence methanol — formaldehyde — formic acid — carbon dioxide does
not imply a sequential mechanism for the direct path, and is simply intended to illustrate‘the degree
of oxidation of the molecules considered (although HCOOH has indeed been detected as an
incompletely oxidised product in the oxidation of methanol and formaldehyde [23], and adsorbed
formate has been detected during the electrooxidation of methanol [24] and formaldehyde [25]).

In one of the reaction paths (usually called the indirect path) an undesired catalytic poison, namely,
CO,q, is formed en-route to the final reaction product (CO,), while in the other path (usually called
direct) CO; is formed through a different set of intermediates which 'does not include CO,4. Once
CO.q4 is formed, it can only be removed form the Pt suface by oxidative stripping, for which, as
discussed above, OH,q is needed. In other words, CO,4 can only be stripped at high overpotentials,
which in a fuel cell would imply aconsiderable decrease of the'device’'s power and efficiency.

As can be seen in Scheme 1, in the case of formic acid, the indirect'path involves breaking one of the
C—0 bonds, which needs to be formed again upon oxidation of CO,4 to reach the final product, CO,.
In the case of methanol, it can also be deduced from'Secheme 1 that in the direct path the additional
C-0 bond is most likely formed before the oxidationh state corresponding to HCOOH and CO,q is
reached, while in the indirect path first all the C~Hand the O—H are broken, and the new C-0 bond
is only formed upon oxidation of the resulting*CO,.4. In the case of formaldehyde, in aqueous
solutions 99% will be in its hydrated-form, methylene glycol, which already contains the two C-O
bonds present in the final product, while formation of CO,q from formaldehyde would only require
the rupture of two C—H bonds.

The detailed mechanisms of bothythe direct and indirect paths are still unknown and debated,
because spectroscopic detection of intermediates has proven elusive. Actually, the only species that
have been unambiguously detected on the electrode surface during the oxidation of C1 molecules
are CO,y and bridge-bonded adsorbed formate (HCOO,y). HCOO,4 was initially suggested as an
intermediate in‘the direct path of the oxidation of C1 molecules [24-26], but this role has since been
much debated [27,28]. The activation barrier for breaking the C—H bond of HCOO,4 is too high [29],
and therefore it"has been suggested that it cannot be the active intermediate in the direct path of
the electrooxidation of formic acid (equivalently, it cannot be the last intermediate in the direct path
of the“electrooxidation of C1 molecules). However, recent studies analyzing the pH dependence of
the electrocatalytic activity towards the formic acid oxidation suggest that some other kind of
adsorbed formate is the active species in the oxidation of formic acid/formate [30-35]. The debate
does not seem to be over, though [36].

HCOO,4 has also been suggested to be the intermediate in the formation of CO,4 from formic acid
[37,38], in a mechanism that involves an oxidation equilibrium (HCOOH = HCOO,4 + H* + e7)
followed by a reduction (HCOO,4 + H* + e~ — CO,4 + H,0), the latter being the rate-determining
step. This mechanism is in agreement with the experimentally observed bell-shaped dependence of
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the rate of dehydration of formic acid on potential [39,40]. Very little is known, though regarding the
ntermediates involved in CO,4 formation from methanol or formaldehyde.

Atomic-ensemble effects and site requirements in the electrooxidation of C1

molecules

As in heterogeneous catalysis, in electrocatalysis reactants, products and intermediates need to
interact with the surface of the catalytic material, in order to break and form bonds, so that the
reactants can be transformed into new chemical species. The availability on the surface of the
electrocatalyst of specific atomic groupings that can provide the number of surface atoms necessary
for the chemisorption of reactants, intermediates and transition states often plays, hénce,a critical
role in determining the activity and selectivity of the electrocatalyst.

It is now a well-stablished fact that the dehydrogenation of methanol [41] and the dehydration of
formic acid [42] to CO,q require larger atomic ensembles than their oxidation'throughthe direct path
CO,. This is summarised in Figure 2, which explains experimental results obtained by applying the so-
called site-knockout strategy [43] using cyanide-modified Pt(111) electrodes.|The surface structure
of cyanide-modified Pt(111) is illustrated in Figure 2A. The six CN,q groups forming the hexagonal
rings are not individually resolved in the STM image in Figure“2A and, instead, are observed as a
single tunneling spot with a slight depression at its centré. Two \translational domains, and the
domain boundary separating them, can be observed in the image, which shows some drift, a
problem difficult to avoid, particularly in EC-STM. As shown in Figure 2B, the cyclic voltammogram of
a cyanide-modified Pt(111) electrode in the presence ofymethanol in acidic solution shows no
hystheresis between the positive- and the negative-going sweeps, which strongly suggests that no
CO poisoning is taking place. This is confirmed by the in-situ infrared reflection-absorption spectra
(IRRAS) in Figure 2C, where it can be clearly seen‘that CO, is produced during the electroxidation of
methanol on cyanide-modified Pt(11%);%but no CO,q4 is generated at all on the surface. Figure 2D
shows that modifying Pt(111) with the cyanide adlayer is equivalent to knocking out all the sites
containing three contiguous Pt.atoms from the Pt(111) surface. These results imply that, although a
minimum of three contiguous Pt atoms are required for the dehydrogenation of methanol [41] and
the dehydration of HCOOH [42] to form CO,y, two adjacent Pt atoms suffice for their
electrooxidation to CO5:

Conclusions

Despite decades of intense research, there are still more open questions than answers regading our
understanding of‘the mechanism of the electrocatalytic oxidation of C1 molecules on Pt electrodes.
We know:that/the catalytic poison generated along the undesired indirect path is CO,q, and that its
oxidation proceeds via a Langmuir Hinshelwood mechanism involving reaction with OH,4 generated
by the oxidation of H,O (or via direct electroadsorption of OH" in alkaline solutions). We also know
that sites with different reactivities on the electrode surface are able to oxidise CO.q at different
potentials, and that the surface mobility of CO,4 might play an important role, with the diffusion
coefficient probably depending on both coverage and adsorption site.

Much less is known regarding the intermediates and steps involved in the formation of CO,4 or in the
direct path. We know that the site requirements for the two paths are different, three contiguous Pt
atoms being required for CO,4 formation from HCOOH and CH;0H (and very likely also from H,CO),
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while only two adjacent atoms are necessary in the direct path. The common site requirements of all
three C1 molecules for their oxidation through the direct path suggest that the last stages of their
oxidation to CO, might also be common. This is in accordance with the detection of HCOO, in all
thre cases, but it is unlikely that this is the actual last reactive intermediate (HCOO,4 and the actual
reactive intermediate might be connected through an interconversion equilibrium, though). There
exists some solid evidence that HCOO,q is involved in the formation of CO,q, although also in this
case it is unlikely that it is the actual intermediate, which might be some other adsorbed formate
species in equilibrium with HCOO 4.

Some of the questions that remain open are.

1. What is the real role of HCOO,q4 in the direct path of the electrooxidation of £1'molecules
and in the dehydration of formic acid to CO.4? Is it in equilibrium with the actual reaction
intermediates? If yes, what are those intermediates?

2. Do formaldehyde and methanol share the last track of the path to CO.4? Ifiso, what is the
intermediate involved?

3. When is the second C-0 formed along the direct path of the ¢lectrooxidation of methanol
and formaldehyde to CO,? Is this step common for these’molecules? If so, is methylene
glycol (the majoritary species in aqueous formaldehyde_ solutions, already containing two O
atoms bonded to the C atom) involved?

Solving these questions would considerably deepen our_understanding of the electrocatalytic
oxidation of C1 molecules, and would provide knowledge=critical to the development of more
efficient electrocatalysts.

References

[1] S. Gilman, The Mechanism of Electrochemical Oxidation of Carbon Monoxide and Methanol
on Platinum. Il. The “Reactant-Pair” Mechanism for Electrochemical Oxidation of Carbon
Monoxide and Methanoll, J. Phys. Chem. 68 (1964) 70—80. doi:10.1021/j100783a013.

[2] M.W. Breiter, Adsorption. and oxidation of carbon monoxide on platinized platinum
electrodes, J. Phys. Chem. 72*(1968) 1305-1313. doi:10.1021/j100850a041.

[3] M.W. Breiter, Comparative study of carbon monoxide adsorption and oxidation of the
chemisorbed species at smooth and platinized platinum electrodes, J. Electroanal. Chem.
Interfacial Electrochem. 101 (1979) 329-340. doi:10.1016/s0022-0728(79)80044-3.

(4] J.A. Caram, CGutiérrez, Voltammetric study of the electroadsorption and electrooxidation of
CO on Pt.in,0.5*M HCIO4: Influence of several experimental variables, J. Electroanal. Chem.
346 (1993) 451-469. doi:10.1016/0022-0728(93)85030-k.

[5] H. Kita, K. Shimazu, K. Kunimatsu, Electrochemical oxidation of CO on Pt in acidic and alkaline
solutions:=Part |. voltammetric study on the adsorbed species and effects of aging and Sn(IV)
pretreatment, J. Electroanal. Chem. Interfacial Electrochem. 241 (1988) 163-179.
doi:http://dx.doi.org/10.1016/0022-0728(88)85124-6.

[6] A. Wieckowski, M. Rubel, C. Gutiérrez, Reactive sites in bulk carbon monoxide electro-
oxidation on oxide-free platinum(111), J. Electroanal. Chem. 382 (1995) 97-101.
doi:http://dx.doi.org/10.1016/0022-0728(94)03672-P.

[7] W. Akemann, K.A. Friedrich, U. Linke, U. Stimming, The catalytic oxidation of carbon
monoxide at the platinum/electrolyte interface investigated by optical second harmonic
generation (SHG): comparison of Pt(111) and Pt(997) electrode surfaces, Surf. Sci. 402-404
(1998) 571-575. doi:10.1016/s0039-6028(97)01043-1.

[8] W. Akemann, K.A. Friedrich, U. Stimming, Potential-dependence of CO adlayer structures on
Pt(111) electrodes in acid solution: Evidence for a site selective charge transfer, J. Chem.

6



[9]

[10]

Phys. 113 (2000) 6864-6874.

A. Cuesta, A. Couto, A. Rincdon, M.C. Pérez, A. Ldépez-Cudero, C. Gutiérrez, Potential
dependence of the saturation CO coverage of Pt electrodes: The origin of the pre-peak in CO-
stripping voltammograms. Part 3: Pt(poly), J. Electroanal. Chem. 586 (2006) 184-195.
doi:10.1016/j.jelechem.2005.10.006.

A. Cuesta, The Oxidation of Adsorbed CO on Pt(100) Electrodes in the Pre-peak Region,
Electrocatalysis. 1 (2010) 7-18. doi:10.1007/s12678-010-0003-4.

[11] () A. Lopez-Cudero, A. Cuesta, C. Gutiérrez, Potential dependence of the saturation CO

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

coverage of Pt electrodes: The origin of the pre-peak in CO-stripping voltammograms. Part 1:
Pt(111), J. Electroanal. Chem. 579 (2005) 1-12.
doi:http://dx.doi.org/10.1016/j.jelechem.2005.01.018..

In this article and the others in this series (refs. [9], [10] and [12]) the authors reported for
the first time an extremely precise determination of the CO covergae as-ayfunction of the
potential of formation of the adlayer. The covereage was related with, the\presence or
absence of the pre-peak, and the possible effect of a coverage-dependent diffusion rate was
discussed.

A. Lépez-Cudero, A. Cuesta, C. Gutiérrez, Potential dependence of the saturation CO coverage
of Pt electrodes: The origin of the pre-peak in CO-stripping voltammograms. Part 2: Pt(100),
J. Electroanal. Chem. 586 (2006) 204-216.
doi:http://dx.doi.org/10.1016/j.jelechem.2005.10.003.

N.M. Markovi¢, B.N. Grgur, C.A. Lucas, P.N. Ross, Electrooxidation of CO and H,/CO Mixtures
on Pt(111) in Acid Solutions, J. Phys. Chem. B. 103 (1999) 487—495. doi:10.1021/jp983177c.

H. Wang, Z. Jusys, R.J. Behm, H.D. Abrufia, New Insights.into the Mechanism and Kinetics of
Adsorbed CO Electrooxidation on Platinum: Online,_Mass Spectrometry and Kinetic Monte
Carlo Simulation Studies, J. Phys. Chem. C. 116 (2012) 11040—-11053. doi:10.1021/jp301292p.
Y.-G. Yan, Y.-Y. Yang, B. Peng, S. Malkhandi, A. Bund, U. Stimming, W.-B. Cai, Study of CO
Oxidation on Polycrystalline Pt Electrodes,in"Acidic Solution by ATR-SEIRAS, J. Phys. Chem. C.
115 (2011) 16378-16388. doi:10.1021/jp104181y.

D.S. Strmcnik, D. V TripkovicsD:, van/der Vliet, K.-C. Chang, V. Komanicky, H. You, G.
Karapetrov, J.P. Greeley, ViR. Stamenkovic, N.M. Markovié¢, Unique Activity of Platinum
Adislands in the CO Electrooxidation Reaction, J. Am. Chem. Soc. 130 (2008) 15332-15339.
doi:10.1021/ja8032185.

M.T.M. Koper, N.P./Lebedeva, C.G.M. Hermse, Dynamics of CO at the solid/liquid interface
studied by modeling and simulation of CO electro-oxidation on Pt and PtRu electrodes,
Faraday Discuss.:121 (2002) 301-311.

G. Garcia, M.T:M. Keper, Stripping voltammetry of carbon monoxide oxidation on stepped
platinumnsingle-crystal electrodes in alkaline solution, Phys. Chem. Chem. Phys. 10 (2008)
3802-3811.

S.-€~ Chang/ M.J. Weaver, Coverage-dependent dipole coupling for carbon monoxide
adsorbed at ordered platinum(111)-aqueous interfaces: Structural and electrochemical
implications, J. Chem. Phys. 92 (1990) 4582-4594.

(*):N.P. Lebedeva, M.T.M. Koper, J.M. Feliu, R.A. van Santen, Mechanism and kinetics of the
electrochemical CO adlayer oxidation on Pt(111), J. Electroanal. Chem. 524-525 (2002) 242-
251. doi:http://dx.doi.org/10.1016/50022-0728(02)00669-1.

The authors showed that current transients recorded during the potentiostatic oxidation of
adsorbed CO can be modelled using a mean-field model, suggesting fast surface diffusion of
adsorbed CO.

(e*) G. Samjeské, K. Komatsu, M. Osawa, Dynamics of CO Oxidation on a Polycrystalline
Platinum Electrode: A Time-Resolved Infrared Study, J. Phys. Chem. C. 113 (2009) 10222-
10228. doi:10.1021/jp900582c.



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Probably the first and only time-resolved spectroscopic study of CO stripping. Bridge CO
adsorbed at step sites was shown to be the most persiten type of CO,q,

(e) H. Wang, H.D. Abruia, Origin of Multiple Peaks in the Potentiodynamic Oxidation of CO
Adlayers on Pt and Ru-Modified Pt Electrodes, J. Phys. Chem. Lett. 6 (2015) 1899-1906.
doi:10.1021/acs.jpclett.5b00493.

The authors show that, even in the case of fast surface diffusion of adsorbed CO, a
multiplicity of peaks can appear in CO-stripping voltametry if there exist sites on the surface
with different reactivity.

S.C.S. Lai, N.P. Lebedeva, T.H.M. Housmans, M.T.M. Koper, Mechanisms of Carbon Monoxide
and Methanol Oxidation at Single-crystal Electrodes, Top. Catal. 46 (2007) .320-333.
doi:10.1007/s11244-007-9010-y.

Y.X. Chen, A. Miki, S. Ye, H. Sakai, M. Osawa, Formate, an Active Intermediate for Direct
Oxidation of Methanol on Pt Electrode, J. Am. Chem. Soc. 125 (2003) 3680-3681.
doi:10.1021/ja029044t.

A. Miki, S. Ye, T. Senzaki, M. Osawa, Surface-enhanced infrared) study of catalytic
electrooxidation of formaldehyde, methyl formate, and dimethoxymethane on platinum
electrodes in acidic solution, J. Electroanal. Chem. 563~ (2004) 23-31.
doi:http://dx.doi.org/10.1016/j.jelechem.2003.09.014.

A. Miki, S. Ye, M. Osawa, Surface-enhanced IR absorption_onsplatinum nanoparticles: an
application to real-time monitoring of electrocatalytic” reactions, Chem. Commun. (2002)
1500-1501.

Y.X. Chen, M. Heinen, Z. Jusys, R.J. Behm, Kinetics and Mecehanism of the Electrooxidation of
Formic Acid?Spectroelectrochemical Studies in a FlowCell, Angew. Chemie Int. Ed. 45 (2006)
981-985. d0i:10.1002/anie.200502172.

M. Osawa, K. Komatsu, G. Samjeské, T. Uchida, T.lkeshoji, A. Cuesta, C. Gutiérrez, The Role of
Bridge-Bonded Adsorbed Formate in ‘the Electrocatalytic Oxidation of Formic Acid on
Platinum, Angew. Chemie Int. Ed. 50,2011) 1259-1163. doi:10.1002/anie.201004782.

(*) M. Neurock, M. Janik, A. Wieckowski, A first principles comparison of the mechanism and
site requirements for the electrocatalytic oxidation of methanol and formic acid over Pt,
Faraday Discuss. 140 (2009)363—-378.

A detailed DFT-based ,study ‘showing the high activation barrier necessary for the
dehydrogenation oafs HEOO,.q. Ste requirements consistent with those determined
experimentally in refsy [41] and [42] were also found.

(e) J. Joo, T. Uchida, “‘Ac Cuesta, M.T.M. Koper, M. Osawa, Importance of Acid—Base
Equilibrium in“Electrocatalytic Oxidation of Formic Acid on Platinum, J. Am. Chem. Soc. 135
(2013) 9991-9994. d0i:10.1021/ja403578s.

The firstsstudy exploring the pH dependence of the activity of Pt for the electrooxidation of
formic acid. The results suggests that some kind of adsorbed formate, other than HCOO,q,
must-be theintermediate.

Ji Joo, T, Uchida, A. Cuesta, M.T.M. Koper, M. Osawa, The effect of pH on the electrocatalytic
oxidation of formic acid/formate on platinum: A mechanistic study by surface-enhanced
infrared spectroscopy coupled with cyclic voltammetry, Electrochim. Acta. 129 (2014) 127-
136. doi:http://dx.doi.org/10.1016/j.electacta.2014.02.040.

S. Brimaud, J. Solla-Gulldn, I. Weber, J.M. Feliu, R.J. Behm, Formic Acid Electrooxidation on
Noble-Metal Electrodes: Role and Mechanistic Implications of pH, Surface Structure, and
Anion Adsorption, ChemElectroChem. 1 (2014) 1075-1083. do0i:10.1002/celc.201400011.

L.A. Kibler, M. Al-Shakran, Adsorption of Formate on Au(111) in Acid Solution: Relevance for
Electro-Oxidation of Formic Acid, J. Phys. Chem. C. 120 (2016) 16238-16245.
doi:10.1021/acs.jpcc.6b02044.

A. Abdelrahman, J.M. Hermann, L.A. Kibler, Electrocatalytic Oxidation of Formate and Formic

8



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Acid on Platinum and Gold: Study of pH Dependence with Phosphate Buffers, Electrocatalysis.
(2017) 1-9. doi:10.1007/s12678-017-0380-z. (*)

(e) J. V Perales-Rondén, S. Brimaud, J. Solla-Gullén, E. Herrero, R. Jirgen Behm, J.M. Feliu,
Further Insights into the Formic Acid Oxidation Mechanism on Platinum: pH and Anion
Adsorption Effects, Electrochim. Acta. 180 (2015) 479-485.
doi:http://dx.doi.org/10.1016/j.electacta.2015.08.155.

In this and the preceding references ([32-34]) the existence of a maximum of activity of Pt for
the oxidation of formic acid was found not to be an intrinsinc property of the reaction, but
rather due to the competitive specific adsorption of anions.

(e®) Y. Wei, X.Q. Zuo, Z. Da He, W. Chen, C.H. Lin, J. Cai, M. Sartin, Y.-X. Chen, The
mechanisms of HCOOH/HCOO- oxidation on Pt electrodes: Implication from the pH effect
and H/D kinetic isotope effect, 2017. doi:10.1016/j.elecom.2017.05.012.

The authors showed that both the direct and indirect path of formic acid oxidation proceed
more slowly when deuterated, suggesting that in both cases the rate:determining step
involes the rupture of the C-H bond.

(ee) A. Cuesta, G. Cabello, C. Gutierrez, M. Osawa, Adsorbed formate: the'key intermediate in
the oxidation of formic acid on platinum electrodes, Phys. Chem. Chem. Phys. 13 (2011)
20091-20095.

Strong spectrokinetic evidence that HCOOad is involved(.in.the formation of COad. The
mechanism proposed accounts for the potential dependence of the formation of COad, with
a maximum at a potential which depends on thé,local\pzc of the reaction site. The
mechanism and its consequences were described in.more-detail in [38], where predictions
were made that can be tested experimentally.

A. Cuesta, G. Cabello, M. Osawa, C. Gutiérrez, Mechanism of the electrocatalytic oxidation of
formic acid on metals, ACS Catal. 2 (2012) 728-738:

V. Grozovski, V. Climent, E. Herrero, J.M. Feliu, Intrinsic Activity and Poisoning Rate for
HCOOH Oxidation at Pt(100) and.Vicinal ‘Surfaces Containing Monoatomic (111) Steps,
ChemPhysChem. 10 (2009) 1922-1926..doi:10.1002/cphc.200900261.

V. Grozovski, J. Solla-Gullon, M=€liment, E. Herrero, J.M. Feliu, Formic Acid Oxidation on
Shape-Controlled Pt Nanopatticles Studied by Pulsed Voltammetry, J. Phys. Chem. C. 114
(2010) 13802-13812. doi:10.1021/jp104755b.

(ee) A. Cuesta, At Least Three Contiguous Atoms Are Necessary for CO Formation during
Methanol Electrooxidation jon Platinum, J. Am. Chem. Soc. 128 (2006) 13332-13333.
doi:10.1021/ja0644172.

Probably the Strongest experimental evidence of the site requirements of the two reaction
paths of methanol electrooxidation. Similar results were reported for formic acid in [42].

A. Cuesta, M. Escudero, B. Lanova, H. Baltruschat, Cyclic Voltammetry, FTIRS, and DEMS
Study (of the Electrooxidation of Carbon Monoxide, Formic Acid, and Methanol on Cyanide-
Modified Pt(111) Electrodes, Langmuir. 25 (2009) 6500—-6507. doi:10.1021/1a8041154.

A. Cuesta, Atomic Ensemble Effects in Electrocatalysis: The Site-Knockout Strategy,
ChemPhysChem. 12 (2011) 2375-2385. d0i:10.1002/cphc.201100164.

Scheme 1



Y\ x%° CH,(OH),

i \
O(”\ 02"' T 2e oH' +2e

CHOH —— H CO HCOOH ——

2H" + 2¢e
H.,O
4H + 4e *2@ 2H + 2¢

> C0O,

10



Figures

(a)

08

0., =0.68

06

co

04F

021

A—A—a—a—aj
of

.

—A—A_a—a—4

—

EJV

Figure 1. Plot of the CO coverage in CO-free 0.1 M H,S0, as a function of the'dosing-potential on the
Pt(111) (a), Pt(100) (b) and Pt(poly) (c) surfaces. The total charge, without double’layer correction, in
the hydrogen region of the cyclic voltammograms (triangles) is also included in the figures. The
horizontal lines in (a) and (b) correspond to the maximum COcoverage in CO-free solutions. The
vertical line in (a) indicates the dosing potential at which a decrease in‘the CO coverage is detected.
The vertical lines in (b) separate the regions giving -fise ‘to different types of CO-stripping
voltammograms. The star symbols in (c) correspondrto=CO-coverage data obtained from the
integration of the CO, band in FT-IR spectra after stripping of the CO adlayer. (Adapted from Refs.

[9,11,12]).
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Figure 2. (A) STM image (left, 16 x 16'nm?).of a cyanide-modified Pt(111) electrode in 0.1 M HCIO, +
0.05 M KCIO,4 at E = 0.65 V vs. RHE showing the (2V3 x 2V3)R302 structure adopted by the adsorbed
cyanide (Ur = 0.37 V (tip negative); It,= 2 nA), and ball model (top right, top view) of the (2v3 x
2V3)R3092 structure adopted,by theicyanide adlayer on Pt(111). Blue balls correspond to Pt atoms
and orange balls to irreversiblyradsorbed CN groups. The middle and bottom schemes in the right
panel are a cross section,of the (2v3 x 2V3)R302 structure along the black line in the top view model,
and a perspective. of 'the (2v3 x 2V3)R302 structure adopted by the cyanide adlayer on Pt(111),
respectively. From Ref.{43]. (B) Cyclic voltammograms at 50 mV s™* of a cyanide-modified Pt(111)
electrode in 0.1 M HCIO, (solid line) and 0.1 M HCIO,4 + 0.2 M CH;OH (dashed line). The scan starts at
0.20 V in the negative direction. From Ref. [41]. (C) FT-IRRAS spectra at increasing potentials of a
cyanide-modified Pt(111) electrode in 0.1 M HCIO, + 0.2 M CH;3;OH. The spectra in the frequency
region petween 2500 and 2200 cm™ were calculated using the spectrum at 0.05 V vs. RHE as a
reference, while the spectra in the frequency region between 2200 and 1800 cm ™ were calculated
using the spectrum at 1.30 V vs. RHE as a reference. From Ref. [41]. (D) Chemical modification of
Pt(111) with adsorbed cyanide results in knocking out from the surface all the sites with three
contiguous atoms, leaving a surface where the largest atomic ensemble corresponds to two adjacent
Pt atoms. From Ref. [43].
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