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Formic acid oxidation on platinum electrodes: A detailed 
mechanism supported by experiments and calculations on well-
defined surfaces  
A. Ferre-Vilaplana,a,b J.V. Perales-Rondón,c C. Buso-Rogero,c J. M. Feliu,c and E. Herrero*c 

In spite of that the formic acid oxidation reaction on electrode surfaces has been extensively investigated, a detailed 
mechanism explaining all the available experimental evidences on platinum has not been yet described. Herein, using a 
combined experimental and computational approach, the key elements in the mechanism of the formic acid oxidation 
reaction on platinum have been completely elucidated, not only for the direct path, through an active intermediate, but 
also for the CO formation route. Experimental results suggest that the direct oxidation path on platinum takes place in the 
presence of bidentate adsorbed formate. However, the results reported here provide evidence that this species is not the 
active intermediate. Monodentate adsorbed formate, whose evolution to the much more favorable bidentate form would 
be hindered by the presence of neighboring adsorbates, has been found to be the true active intermediate. Moreover, it is 
found that adsorbed formic acid would have a higher acid constant than in solution, which suggests that adsorbed formate 
can be originated not only from solution formate but also from formic acid. The CO formation path on platinum can 
proceed, also from monodentate adsorbed formate, through a dehydrogenation process toward the surface, during which 
the adsorbate transitions from a Pt—O adsorption mode to a Pt—C one, to form carboxylate. From this last configuration, 
the C—OH bond is cleaved, on the surface, yielding adsorbed CO and OH. The results and mechanisms reported here 
provides the best explanation for the whole of the experimental evidences available to date about this reaction, including 
pH, surface structure and electrode potential effects.  

Introduction. 
The formic acid oxidation reaction (FAOR) on platinum has 
been extensively investigated, being an important topic in fuel 
cells science and technology. First, formic acid can be used as a 
fuel, with some advantages with respect to hydrogen, such as 
easier storage and handling. Additionally, FAOR, in which only 
two electrons are exchanged, can be used as a model reaction 
to better understand oxidation processes of more complex 
fuels, such as methanol and ethanol. On the other hand, 
platinum has been found to be one of the pure metals most 
active toward the considered reaction. Thus, in order to 
optimize the electrocatalysis of these small molecules used as 
fuels, it would be useful if the detailed mechanism of FAOR on 
platinum was completely elucidated. 
The simplest oxidation reaction in which only two electrons 
are exchanged is that of hydrogen. Its mechanism, which 
involves the cleavage of a single H—H bond, has been 

described as the combination of a Heyrovsky or Tafel step 
(depending on the electrode surface and potential) with one or 
two Volmer steps, respectively. The complete FAOR, yielding 
CO2, also comprises the transfer of two electrons, but this 
oxidation reaction implies the cleavage of not one but two 
bonds: a C—H and a O—H bond. Because the O—H bond is 
involved in an acid-base equilibrium, this splitting can be 
regarded as an easy step. However, it is generally assumed 
that, for the C—H bond cleavage a surface site assisting in this 
process is required, for which platinum surfaces are very 
active. Despite the apparent simplicity of the sketched 
reaction, after forty years of research, a detailed and complete 
mechanism explaining all the available experimental evidences 
about FAOR on platinum has not been yet described. A reason 
for that would be that the FAOR mechanism on platinum 
electrodes is actually more complex than this simple reaction 
scheme.  
Early experiments regarding FAOR on platinum revealed the 
formation of an adsorbed species, which was difficult to 
oxidize, reason why it was termed as poison.1 This species was 
identified as CO by means of IR spectroscopy.2 The presence of 
adsorbed CO pointed out the existence of a reaction path that 
involves the cleavage of the C—H and C—OH bonds. CO 
formation represents a problem in the oxidation mechanism. 
On the one hand, CO is strongly adsorbed on platinum. On the 
other hand, the oxidation of adsorbed CO requires of an 
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additional oxygen group and the formation of an extra C—O 
bond. As a result, the oxidation of CO on platinum takes place 
only at high overpotentials. It could have been possible that 
FAOR on platinum occurred only through CO as intermediate, 
but a dual path mechanism was proposed from the initial 
studies.3, 4 Under the dual path mechanism model, one path, 
named the direct path, goes through an active intermediate, 
meanwhile the other one give rise to adsorbed CO as a 
relatively inert intermediate. The confirmation of the existence 
of the direct route came in studies using labeled species and 
Differential Electrochemical Mass Spectroscopy (DEMS).5, 6 
However, the identification of the active intermediate species 
involved in the direct path has been much more elusive, 
probably due to the inherent difficulties of identifying short-
lived species buried in the water-electrode interface. Bidentate 
adsorbed formate (with the two oxygen atoms bounded to the 
platinum surface) was initially proposed as the active 
intermediate,7-10 although its role in the mechanism has been 
a controverted topic to date.11-13 Moreover, the disjunctive 
between formic acid or formate as the species from which 
FOAR would be initiated, and the mechanism giving rise to CO,  
have been also subjects of discussion.14-17  
An additional difficulty to understand FAOR on platinum is the 
fact that the reaction is very sensitive to the surface structure 
of the electrode, namely, reaction rates for both paths strongly 
depend on the arrangements of the surface atoms.18, 19 Thus, 
the observed reactivity for a polycrystalline surface is a 
complex function of the one exhibited by each type of site 
present in the surface. It is possible that the observed 
reactivity was dominated by the processes taking place on a 
specific type of site, masking the reactivity of the remaining 
sites. Therefore, to reliably establish the reaction mechanism, 
the strategy of using different single crystal electrodes as 
model surfaces seems essential. The initial studies focused on 
the low index planes, namely Pt(111), Pt(110) and Pt(100) 
surfaces, which contain a single type of site in a 2D periodic 
arrangement. However, by considering also stepped surfaces, 
in which the infinite arrangements of the low index planes are 
perturbed by the presence of steps with different symmetry, 
additional understanding about the investigated reaction can 
be obtained. By using different single crystal electrodes, the 
reactivity of each site can be not only determined, but also 
experimental and computational results on these model 
surfaces can be more easily compared. A combined 
experimental and computational approach is probably the only 
one that can completely elucidate the FAOR mechanism on 
platinum. 
Assuming the dual path mechanism model, in this article, we 
will propose a complete and detailed FAOR mechanism, 
comprising both the direct path and the CO formation route, 
capable of explaining all the available experimental evidences 
on platinum. New experiments on well-defined surfaces has 
been specifically designed to address outstanding problems 
under extreme conditions (e.g. using highly acidic solutions), 
and new DFT calculations have been performed searching for 
insights about mechanisms. With this strategy, the initial 
specie, the active intermediate and the role played by 

bidentate adsorbed formate, and the interfacial pH, surface 
structure, and electrode potentials effects in the FAOR 
mechanism on platinum, will be all elucidated. Starting with a 
critical review of the state of the art, the new experimental 
and computational results will be presented, concluding with 
the proposed reaction model. The insights provided in this 
work are expected to help in the design of better 
electrocatalysts for FAOR and in the understanding of the 
oxidation of more complex fuels. 

Methods. 
Experimental methods. 

Details about the electrochemical experiments have been 
published elsewhere. 17, 20, 21 In brief, platinum single crystal 
electrodes were oriented, cut and polished from small single 
crystal beads (ca. 2.5 mm diameter) following the procedure 
described by Clavilier.22, 23 The electrodes were cleaned by 
flame annealing, cooled down in H2/Ar and protected with 
water in equilibrium with this atmosphere. Experiments were 
carried out in a classical two-compartment electrochemical cell 
deaerated by using Ar (N50, Air Liquide in all gases used), 
including a large platinum counter electrode and a reversible 
hydrogen (N50) electrode (RHE) as reference. For the 
temperature-controlled experiments, the electrochemical cell 
was immersed in a water bath. Temperature dependent 
measurements were conducted in a range between 278 and 
333 K, using 5 K intervals. In the temperature dependent 
measurements, the reference electrode was kept at room 
temperature (298 K), and the direct potential reading was 
corrected for the thermodiffusion potential using the 
procedure explained in reference 24. Solutions were prepared 
from sulfuric acid, perchloric acid, sodium perchlorate, formic 
acid (Merck suprapur in all cases) and ultrapure water from 
Elga.  
The potential program for the pulse voltammetry, which 
allowed obtaining the current transients, was generated with 
an arbitrary function generator (Rigol, DG3061A) together with 
a potentiostat (eDAQ EA161) and a digital recorder (eDAQ, 
ED401). To avoid any interference of the diffusion of formic 
acid or interfacial pH change in the reaction rate, stationary 
conditions were attained by using a hanging meniscus rotating 
disk (HMRD) configuration at 900 rpm (controlled by a 
Radiometer CTV 101). Full experimental details on the pulsed 
voltammetry can be found in reference.25 In summary, the 
potential program consists in a series of steps between an 
upper potential (0.9 V for T<298 K and 0.85 V for T≥298 K) to 
oxidized the accumulated CO in the previous step on the 
surface and the different sampling potentials.  The duration of 
the steps was always 1 s.  

Computational methods. 

All DFT calculations were carried out using numerical basis 
sets,26 semicore pseudopotentials27 (which include scalar 
relativistic effects) and the RPBE functional28 as implemented 
in the Dmol3 code.29 Implicit solvation effects were taken into 
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account by the COSMO model.30 Moreover, hydrogen bonds to 
solvent were captured by means of the inclusion of explicit 
water molecules in the model when it was considered 
convenient. The effects of non-zero dipole moments in the 
supercells were cancelled by means of external fields.31 
Additionally, the relevant transition states were confirmed 
estimating minimum energy reaction paths between reactants 
and products by means of the nudged elastic band method.32 
Redox potential effects, when considered, were included in 
the calculations by means of the computational hydrogen 
electrode formalism.33 Finally, molecular dynamic simulations 
were run under the NVT thermodynamic ensemble. 
For direct path calculations, because neutral and charged 
conditions were considered and compared, the Pt(100) surface 
was modeled by means of a periodic supercell comprising six 
layers of metal atoms (48 Pt atoms) and a vacuum slab of 20 Å. 
The two most internal metal layers were frozen in their bulk 
crystal locations. The remaining four metal layers were 
allowed to relax jointly with the adsorbates. The shortest 
distance between periodic images was 5.71 Å. However, for 
CO formation path calculations, only neutral charge conditions 
were considered, and thus four layers of metal atoms with a 
vacuum slab of 20 Å were considered enough for the models. 
So, the Pt(111), Pt(100), and Pt(553) surfaces were modeled by 
36, 36 and 56 platinum atoms, respectively. For each case, the 
bottom two layers of metal atoms were frozen in their bulk 
crystal locations. The remaining two metal layers were allowed 
to relax jointly with the adsorbates. The shortest distance 
between periodic images was 8.49 Å, for the three cases. 
Optimal configurations (adsorbent/adsorbate, reactants, 
products and transition states) were sought using numerical 
basis sets of double-numerical quality. During this phase of the 
calculations, Brillouin zones were sampled under the 
Monkhorst-Pack method34 using grids corresponding to 
distances in the reciprocal space of the order of 0.02 1/Å and 
0.05 1/Å, for the direct path and the CO formation 
calculations, respectively. Meanwhile convergence was 
facilitated introducing 0.005 and 0.002 Ha of thermal smearing 
for the direct path and the CO formation calculations, 
respectively. Assuming the previously optimized 
configurations, binding energies, reaction energies and 
barriers were all estimated using numerical basis sets of 
double-numerical quality plus polarization. For the CO 
formation path calculations, Brillouin zone grids were refined 
to distances of the order of 0.04 1/Å. Energies were 
extrapolated to 0 K.  
 

Results and discussion 

Direct oxidation path. 

Role of bidentate adsorbed formate and identification of the 
active intermediate. Although, for the direct path of FAOR on 
platinum, several active intermediates were initially proposed, 
no species different from adsorbed CO was identified in the 
reaction until Surface Enhanced Infrared Adsorption 

Spectroscopy in Attenuated Total Reflection configuration 
(ATR-SEIRAS) was employed.7-10  Using a polycrystalline 
platinum electrode deposited on the IR prism, adsorbed 
formate was detected. The species was found to be adsorbed 
in a bidentate configuration, with the two oxygen atoms 
bounded to the platinum surface. Since the potential region in 
which the species was detected coincided with the potential 
region where the direct oxidation takes place, it was proposed 
as the active intermediate. Thus, the situation would be then 
rather simple: formic acid is first adsorbed on the surface, as 
bidentate formate, losing the acid proton from the O—H 
group. Then, from this configuration, the species evolves to 
yield CO2 by breaking the C—H bond. However, a weakness of 
the described model is that it is not obvious how the C—H 
bond is broken when formate is adsorbed in bidentate form. 
So, to further understand the mechanism, additional results 
should be considered. 
As aforementioned, a difficulty with polycrystalline samples is 
that different routes could simultaneously operate, at different 
rates on different sites, preventing a correct identification of 
the mechanism. Thus, studies with single crystal electrodes are 
more convenient. The problem is that the ATR-SEIRAS 
technique cannot be applied to single crystal electrodes, 
because it is not possible to deposit ordered layers on the IR 
prisms. Unfortunately, all the deposits have a polycrystalline 
structure. On the other hand, conventional FTIR on single 
crystal electrodes is not sensitive enough to detect de 
formation of adsorbed formate. Thus, an alternative approach 
should be employed to detect the presence of adsorbed 
intermediates on single crystal electrodes, other than CO. In 
order to identify the elusive active intermediate, the ideal 
electrode from all the possible surfaces is probably the Pt(111) 
electrode. As will be shown later, on this electrode CO is 
formed exclusively on defects, reason why high quality Pt(111) 
surfaces are almost not affected by the formation of CO. So, 
using this electrode and fast voltammetry at scan rates above 
20 V s-1 in the presence of formic acid, it was possible to detect 
an adsorbed species on the Pt(111) electrode in perchloric acid 
solutions.35 Based on the results for the polycrystalline 
electrode and on the adsorption modes of acetic acid on 
Pt(111) electrodes,36 it was proposed that the adsorbed 
species was bidentate formate. Also in this case, the onset of 
adsorption matched that of the direct oxidation, which 
suggests, once more time, that bidentate adsorbed formate 
would be the active intermediate. 
However, other results insinuated that situation was more 
complicated that the initially proposed.11-13 The kinetic analysis 
of the results of the ATR-SEIRAS experiments coupled with the 
DEMS technique suggested that bidentate adsorbed formate 
was not the active intermediate. Recently, a detailed analysis 
of spectroscopic data also revealed that the measured 
currents were not proportional to the adsorbed coverage, 
which reinforced the idea that bidentate adsorbed formate 
would not be the true active intermediate.37 These evidences 
are also present in studies with single crystal electrodes. For 
the Pt(111) surface, the presence of adsorbed bisulfate (or 
other anions such as acetate) had small positive effect on the 
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oxidation of formic acid. In the presence of 0.5 M sulfuric acid 
solutions, the onset of the oxidation shift slightly to lower 
overpotential values, which suggests a positive effect of the 
adsorbed bisulfate.38 This is a strange result, since the 
adsorption strength of formate and bisulfate are similar (they 
adsorb in similar potential ranges on platinum), and thus the 
high concentration of sulfuric acid should prevent the 
adsorption of bidentate formate. If bidentate formate is not 
adsorbed and this is the active intermediate, smaller currents 
should have been detected. This is, for instance, the situation 
found in the oxidation of methanol, where a drastic diminution 
of the currents is observed in sulfuric acid solutions in 
comparison with the situation found in perchloric acid.39 These 
results would imply that bidentate adsorbed formate would 
not be the active intermediate.  
On the other hand, DFT calculations indicates that the 
cleavage of the C—H bond from adsorbed formate in 
bidentate form requires a high activation energy, which would 
make this process very difficult.40 It has been also found that 
when a formic acid molecule approaches the surface with the 
C—H bond pointing towards the surface, the C—H bond 
cleavage has a negligible energy barrier.41 However, if this is 
the only requirement, any metal with dehydrogenation 
properties (such as Pt or Pd) would have excellent properties 
for the reaction, with no additional need of further catalysis. 
However, modification of the Pt surface with some adatoms, 
such as bismuth, increases the catalytic response.20, 42 The 
catalysis of FAOR on adatom-modified Pt(111) electrodes has 
been explained starting from formate adsorbed on the adatom 
in monodentate form, evolving to a configuration in which the 
C—H bond is oriented towards the surface, were the C—H 
bond cleavage is facilitated by the presence of a neighboring 
platinum atom. Thus, it can be concluded that the catalysis 
requires some species that facilitates the interaction of the 
species in the right configuration, and the pure metal is not 
enough to achieve highest activity. 
Considering the aforementioned evidences and results, the 
fast voltammetry experiments on the Pt(111) electrode were 
reanalyzed.38 From the experiments, it is clear that FAOR on 
the Pt(111) surface takes place in the presence of an adsorbed 
species (bidentate adsorbed formate, adsorbed sulfate or 
adsorbed acetate), and that the onset of the adsorption of 
these species matches the onset for the oxidation. Then, it can 
be proposed that these adsorbed species facilitate the 
adsorption of formate in the right configuration, with the C—H 
bond to the surface.  Thus, the process requires the presence 
of adsorbed anions (bidentate formate or sulfate) and a least 
two free platinum sites, one where the incoming species 
adsorbs, and one where the C—H bond is cleaved. The 
mechanism is similar to a Langmuir-Hinselwood (L-H) 
mechanism. In a true L-H mechanism, both adsorbed species 
react, but in this case one of them (the previously adsorbed 
formate or anion) only facilitates the adsorption of the second 
one in the right configuration. Assuming this mechanism 
model and the bidentate adsorbed coverages calculated from 
the fast voltammetry experiments, it was possible to 
reproduce the voltammetric currents measured for a Pt(111) 

electrode in perchloric acid solution. The current obtained in 
voltammetry is, then, proportional to the anion (formate) 
coverage (θA), the number of free sites (1-θA), and the kinetic 
constant, whose value is modulated by the electrode potential 
with the usual Tafel relationship with α as the transfer 
coefficient: 38 

 ( )α θ θ ∝ − 
 

exp 1A A
FE

j k
RT

         (1) 

It should be mentioned that in the equation, the order for the 
term related to the presence of adsorbed bidentate formate 
on the surface, (θA), is one, not two, as could have been 
expected because the bidentate nature of the adsorption 
mode. The rate determining step (rds) is taking place in a free 
site (1-θA), where the neighboring adsorbed formate facilitates 
the adsorption of the incoming species in the right 
configuration. Thus, reaction order for adsorbed formate is 
one because the relevant element for the reaction to occur is 
that one adsorbed species is required, not the number of sites 
of the surface occupy by the species. 
The initial increase in the currents observed in the 
voltammetry can be associated with the initial adsorption of 
bidentate formate, which would facilitate the adsorption of 
formate in the right configuration, and the increase of the 
reaction rate with the electrode potential. From the peak 
potential, current diminishes due to the diminution of free 
platinum sites where species can react, since the reaction is 
completely inhibited when formate species block the surface. 
Thus, it can be concluded that bidentate adsorbed formate is 
not the true active intermediate, but a facilitating species, 
corroborating the initial proposal by Behm and col.11, 12 
To further investigate the FAOR mechanism on platinum, 
kinetic data for both reaction paths are required, so that the 
different alternatives for the oxidation mechanism could be 
confirmed or discarded. For such a purpose, pulsed 
voltammetry was used.43, 44 A series of pulses to the desired 
potential was intercalated between pulses at 0.85 V. During 
the pulse at 0.85 V, the adsorbed CO species accumulated on 
the surface are completely oxidized, so that the kinetics of the 
FAOR can be studied in a subsequent pulse on a surface 
initially free of CO. Additionally the forced convection during 
the measurements in the HMRD configuration restores the pH 
and formic acid concentration in the interphase to the nominal 
values, assuring that the actual conditions in the interphase 
are equal to those of the bulk solution. From the oxidation 
transient measured at the desired potential, and using an 
appropriate model for the analysis of the data, two important 
parameters and its dependence with the electrode potential 
were determined for the two reaction paths, that is: the 
current density for the active path in the absence of CO, the so 
called intrinsic activity (the extrapolated current in the 
transient at t=0), and the CO formation rate. The obtained 
currents , for the active intermediate reaction path on the 
different low index planes were Pt(100)>Pt(110)>Pt(111).25, 45 
Additionally, the activity of the different steps was 
determined, which helped in the understanding of the 
reactivity of Pt nanoparticles.46 
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The intrinsic activity not only allowed the determination of the 
true activity for the direct path of the different sites in the 
surface, but also, and more important, it enables to extract 
apparent activation energies from its dependence with the 
temperature.21, 38 As can be seen in Fig. 1, the apparent 
activation energy has a complex dependence with the 
electrode potential. For a simple outer sphere oxidation 
reaction, the true activation energy should diminish with the 
electrode potential, according to the Tafel slope. However, in 
perchloric acid solutions, the apparent activation energy is 
almost constant in the region between 0.3 and 0.7 V, 
indicating the presence of kinetic complications in the 
reaction. It should be stressed that the determined apparent 
activation energy contains not only the true activation energy 
of the reaction, but also other factors, such as the effect of the 
temperature on the formate coverage, according to equation 
(1). At the onset for the oxidation on platinum single crystal 
electrodes, the activation energy is relatively low, ca. 50 kJ 
mol-1. Because the calculated activation energy for the 
cleavage of the C—H bond in the bidentate configuration is 
significantly higher (above 1 eV), this value clearly suggests 
that the scission of the C—H bond occurs from the 
monodentate adsorbed configuration.  
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Fig. 1. Apparent activation energy for the oxidation of 0.1 M HCOOH on Pt(111) 
electrodes in 0.1 M HClO4 (pH=1) and different mixtures  of HClO4 and NaClO4 with 
different pH values. 

pH effect and initial species of FAOR. The pKa of formic acid is 
3.75. Thus, for pH<3.75, the global oxidation reaction is  
 + −↔ + +2HCOOH CO 2H  2e         (2) 
and thus, the equilibrium potential shifts 59 mV per pH unit, as 
the RHE scale does. However, in the region where pH>3.75, 
since the major species in solution is formate, the reaction is 
then: 
 − + −↔ + +2HCOO CO H  2e          (3) 
with the equilibrium potential shifting 40 mV per pH unit. 
Moreover, given that not only formic acid but also formate are 
present in the solution, whose relative concentrations depend 

on the pH, FAOR could be initiated from formic acid or 
formate.  
To determine the initial reactive species of FAOR, formic acid 
or formate from the solution, pH dependent studies have been 
carried out by different authors on polycrystalline electrodes. 
It has been shown that, in the absence of specific adsorption, 
peak current densities recorded in cyclic voltammetry increase 
with pH up to a value of 4.14-17 From that pH value, current 
remains constant up values close to 10, where the reaction is 
completely inhibited.16, 17 Note that phosphate buffered 
solutions cannot be used in these studies, due to the strong 
adsorption of phosphate species on the platinum surface at 
neutral conditions. Unlike the effect of sulfate or acetate, the 
presence of adsorbed phosphate in neutral solutions strongly 
affects the reactivity, causing the inhibition of the reaction for 
pH>5.16 
A similar behavior the one described above can be observed 
on single crystal electrodes. Fig. 2 shows the intrinsic activity 
measured on the Pt(111) surface, at different pH values, using 
mixtures of perchloric acid and perchlorate to fix the pH. To 
maintain the interfacial pH, a hanging meniscus rotating disk 
configuration has been used. As can be seen, the observed 
behavior for the intrinsic activity on this single crystal 
electrode is the same as that observed for the peak currents in 
polycrystalline electrodes, that is, the activity increases up to 
pH 4, and from this pH value the activity remains constant. 
This behavior suggests that the rds is a concerted proton-
electron transfer.47, 48 
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Fig. 2. Intrinsic activity measured for the direct oxidation path for 0.1 M HCOOH 
solutions in different mixtures of HClO 4  and NaClO 4 with different pH values for 
the Pt(111) electrode.  

Additional information can be obtained from the onset 
potential for the reaction. In the RHE scale, the onset potential 
is constant for pH<4 and then shifts to higher values. If the 
onset is dependent on the initial adsorption of formate, for 
pH<3.75, the surface reaction is  
 + −↔ + +Pt + HCOOH Pt-OOCH H  e        (4) 
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The equilibrium potential for the reaction should shift 59 mV 
per pH unit. Then, in the RHE scale, it takes place at constant 
potential. On the other hand, for pH>3.75,   
 − −↔ +Pt + HCOO Pt-OOCH  e         (5) 
the reaction should occur at constant potential, or shift 59 mV 
per pH unit in the RHE scale. As can be observed in Fig. 2, the 
experimental results follow these relationships. For pH<3.75 
the onset potential is constant in the RHE scale, whereas for 
pH>3.75 the onset shift to higher values, although with a 
smaller shift than that predicted by equation (5). As will be 
shown later, this smaller shift can be due to the effect of the 
electrode charge in the reaction rate and/or adsorption 
processes. The activation energy for the reaction at different 
pH values have a similar behavior to that observed in 0.1 M 
HClO4 (Fig. 1). The only significant difference is the lower 
activation energy at the onset potential for higher pH values. 
 All these experiments suggest that solution formate is the 
active species in the reaction, or at least, that one proton has 
been exchanged in the reaction mechanism of the active 
intermediate before the rds. Thus, equation (1) should include 
the concentration of the active species according to 

 ( )α θ θ −

 ∝ − 
  HCOO

exp 1A A
FE

j k c
RT

       (6) 

Or, if the acid constant of formic acid (Ka) is used, the equation 
can be expressed as a function of the proton and formic acid 
concentration:   

  
( )

( )

α θ θ

α θ θ

−

+

 ∝ − = 
 

 = − 
 

HCOO

HCOOH

H

exp 1

exp 1

A A

a A A

FE
j k c

RT
FE c

kK
RT c

    (7) 

 
Direct path DFT calculations. To gain insight into the direct 
path mechanism of FAOR on platinum different DFT 
calculations have been carried out on the Pt(100) surface (the 
one giving rise to the highest currents). The aim was to  search 
for the conditions under which preadsorbed species assist the 
adsorption of formate in a favorable configuration to yield CO2 
by means of the C—H bond cleavage. First, under neutral 
charge conditions, it has been found that solvated formic acid 
is favorably adsorbed on this surface, at top position, by ca. 
0.12 eV. Moreover, as can be observed in Fig. 3A, a relatively 
short hydrogen bond (ca. 1.64 Å) is formed between an explicit 
water molecule and the O—H group of the adsorbate, as a 
result of the adsorption process. At the same time, the O—H 
bond of this group rests elongated with respect to the length 
that the O—H bond of the solvated formic acid molecule 
presents in the bulk, from ca. 1.02 to ca. 1.04 Å. This 
observation suggests that, as an effect of the adsorption 
process, the adsorbed formic acid has a higher acid constant 
than in the bulk, favoring its deprotonation toward the 
solution to yield adsorbed formate. Moreover, it is verified 
that, under positive charge conditions (those generated when 
the potential is made more positive) this effect is considerably 
augmented. Therefore, the identified acidification effect, as a 
consequence of the adsorption process, relativizes the 
disjunctive between formic acid and formate as the species 

from which FOAR is initiated. From both, formic acid and 
formate in solution, adsorbed formate is readily obtained, with 
quantitative details depending on the pH and on the potential. 
Thus, in any case, adsorbed formate is the key species to 
consider, in complete agreement with the experimentally 
derived insights, which indicates that one proton has been 
exchanged prior to the rate determining step. 

 
Fig. 3. Adsorbate configurations found at top position on the Pt(100) surface, using a 
continuous solvation model: A) Solvated formic acid. B) Formate in monodentate form. 
Color code for atoms: Pt: blue; carbon: grey; oxygen: red and hydrogen: white. 

It has been also found that, under neutral charge conditions, 
formate is favorably adsorbed on the Pt(100) surface, at top 
position, adopting the monodentate configuration displayed in 
Figure 3B. The relevance of this configuration can be initially 
established by means of determining its stability, with respect 
to an eventual desorption process, which has been estimated 
to be at least in the order of ca. 1.0 eV. Moreover, it has been 
also found that, from the displayed monodentate adsorbed 
formate configuration, the C—H bond can be cleaved, with the 
aid of a surface site, giving rise to a dehydrogenation process 
which presents virtually no barrier. Therefore, at this point, it 
could seem that the direct path mechanism of FAOR has been 
completely elucidated. 
However, nothing is further from reality. It is known that 
formate can be strongly adsorbed on platinum adopting the 
bidentate configuration, with the two oxygen atoms bonded to 
the surface. In fact, it has been calculated that, for the same 
surface model originating the Fig. 3B, the bidentate adsorbed 
formate configuration is even ca. 0.70 eV more favorable than 
the monodentate displayed one, that is the binding energy of 
adsorbed formate in the bidentate configuration (fig. 4) is 
close to 1.7 eV. Moreover, DFT-based molecular dynamic 
simulations show that monodentate adsorbed formate on 
platinum can easily rotate around the proximal oxygen atom 
within the plane defined by the adsorbate. At the same time it 
moves toward the adjacent platinum atom, around the axis 
defined by the Pt—O bond, and around the axis defined by the 
adjacent O—C bond. Thus, starting from the clean surface, if 
the formation process of monodentate adsorbed formate is 
not followed immediately by the C—H bond cleavage, the 
adsorbate can evolve to the much more favorable bidentate 
form. In fact, the energy released during the monodentate 
phase of the process would excite the described rotation 
modes, increasing the probability of resting in the much more 
favorable bidentate form. The problem is that the way in 
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which the C—H bond cleavage could take place from adsorbed 
formate in bidentate form does not result obvious. 
Fortunately, the discussed experimental evidences suggest 
that preadsorbed species could facilitate the adsorption of 
formate in the favorable configuration for its complete 
oxidation. 
Thus, to better understand the way in which preadsorbed 
species could favor the formate adsorption in monodentate 
form, formate adsorption inside the pocket of preadsorbed 
formate displayed in Fig. 4 has been also investigated, both 
under neutral and positive charge conditions. It has been 
found that formate can be adsorbed inside the pocket 
adopting the monodentate configuration displayed in Figure 4. 
The stability energy for this species is ca. 0.5 eV. It has been 
also verified that, from the displayed configuration, the C—H 
bond can be cleaved with the aid of the adjacent surface site 
virtually without barrier. Moreover, it has been also observed 
that, inside the pocket, the bidentate adsorbed formate 
configuration is much less favorable with respect to the 
monodentate one than outside the pocket. However, the most 
important finding is that, inside the pocket, the rotation modes 
enabling the transition from the monodentate adsorbed 
formate to the bidentate form are completely obstructed. 
Therefore, inside the pocket, the C—H bond cleavage from 
monodentate adsorbed formate is guaranteed. The 
preadsorbed formate occupying the longitudinally adjacent 
site to the one on which monodentate formate is adsorbed 
inhibits the rotation of the monodentate one around its 
proximal oxygen atom. Moreover, the parallel preadsorbed 
formate species inhibit the rotation of the monodentate one 
around the Pt—O bond. Finally, with these rotation modes 
inhibited, the transition from the monodentate to bidentate 
form requires rotation around the C—O bond passing through 
a plane normal to the parallel planes defined by the 
preadsorbed formate species, which, inside the pocket, is not 
possible. Previous DFT calculations about FAOR have tried to 
estimate activation barriers for the reaction.49, 50 However, the 
calculated barriers were higher than those measured 
experimentally, which suggested that a crucial factor was 
omitted in the model. According to the present results, a 
missing element is probably the presence of adsorbed 
formate.  
To explain reactivity differences among different surfaces, it 
should be considered that adsorption processes are not static. 
Radiotracer studies demonstrate that species are continuously 
exchanged between the solution and the adsorbed layer.51 So, 
formate species are continuously adsorbing and desorbing 
from the surface electrode. Thus, formate oxidation is taking 
place during this dynamic adsorption-desorption process, and 
it is clear that, the more intense is the process of exchange, 
the higher number of species can react on the surface.  
Bidentate formate on Pt(111) is adsorbed in a potential 
window of ca. 0.4 V. However, anions and hydrogen on Pt(100) 
are competitive adsorption processes that take place in a 
narrow potential window. Therefore, on the Pt(100) surface, 
the process is faster, the exchange more intense, the total 

number of involved species higher and, as a result, higher 
currents are measured. 

 
Fig. 4. Monodentate adsorbed formate inside a pocket of preadsorbed bidentate 
formate on the Pt(100) surface. A) Side view. B) Top view. Lattice is highlighted in 
magenta. Color code for atoms: Pt: blue; carbon: grey; oxygen: red and hydrogen; 
white. 

Finally, to explore the effect that electrode potential and pH 
could have on the direct path mechanism of FAOR on 
platinum, charge was considered in the model. On the one 
hand, electrode potential changes imply interfacial charge 
changes. On the other hand, when the pH of the solution 
changes, the onset of the reaction occurs at a different 
interfacial charge. So, for instance, as the pH increases, the 
reaction takes place in a potential window in which the surface 
has a diminishing positive charge. It has been found that, the 
bidentate adsorbed formate stability, with respect to the 
monodentate configuration, increases from 0.70 to 0.89 eV, 
when one electron is removed from the model. This result 
suggests that, as the pH increases, the transformation 
between the bidentate and the reactive form is more 
favorable, which could explain why at pH>4 the onset 
potential shift less than 59 mV in the RHE scale. 
In short, the acidification effect that formic acid experiences 
because of its adsorption process diminishes the relevance of 
the discussion between formic acid and formate as the species 
from which FOAR would be initiated, highlighting the role of 
adsorbed formate as the key species to consider. From 
monodentate adsorbed formate the C—H bond could be 
cleaved, with the aid of a surface site, virtually without barrier. 
However, the bidentate form for adsorbed formate is much 
more favorable than the monodentate one. Under low 
adsorbates coverage conditions, all the rotation degrees of 
free available to monodentate adsorbed formate are active, 
increasing the probability of resting in bidentate form. But, the 
presence of adsorbates near the adsorbed formate decreases 
the energetic advantage of the bidentate form, with respect to 
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the monodentate one, and inhibits rotation degrees. Thus, the 
presence of adsorbates near the adsorbed formate contribute 
to stabilizing the monodentate form, favoring the complete 
oxidation. So, the computational results here described 
suggest that, monodentate, but not bidentate, adsorbed 
formate is the active intermediate in the direct path of FAOR 
on platinum, providing an explanation for the experimental 
evidences. It should be highlighted that in this mechanism 
bidentate formate is not a mere blocking species, but it helps 
in the positioning of an adsorbing formate species in the 
monodentate configuration. 
 

CO formation path. 

The CO formation path of FAOR on platinum was first 
investigated at open circuit. These initial studies demonstrated 
that the CO intermediate was accumulated on the surface 
electrode, providing the maximum CO coverages that could be 
achieved from formic acid.52, 53 Those CO coverage values were 
found to be well below the ones obtained when CO was 
directly adsorbed from the solution.54 In fact, hydrogen 
adsorption was still visible on the electrode when the CO 
coverages were between 0.7-0.8, depending on the electrode, 
evidencing the presence of free platinum sites.54, 55 At these 
CO coverages, CO-CO interactions were even detected by 
FTIR,56 an indication of the presence of CO patches randomly 
distributed on the surface. In any case, the inhibition of the 
reaction when abundant platinum sites are still available 
suggests that the CO formation path has steric conditions, 
requiring adjacent available surface sites to occur. Although 
differences between single crystal electrodes were observed in 
these initial results regarding the final CO coverage or the 
amount of available platinum sites after CO formation,56-58 
there was no indication of significant differences in the CO 
formation mechanism between the low index planes of 
platinum.  
However, an important difference appeared when the surfaces 
were modified with adatoms. For the Pt(100) electrode, the 
adatom acted as a third body inhibiting the reaction. When 
adatom coverages were higher than 0.7, the formation of CO 
was inhibited, in agreement with the observed behavior for 
the unmodified surface.55 However, the Pt(111) surface 
modified by bismuth led to very different results.54, 59 Trace 
amounts of bismuth deposited on this electrode were able to 
inhibit completely the formation of CO from formic acid. This 
result, which was initially very difficult to explain, was 
understood when stepped surfaces with (111) terraces were 
studied. On these stepped surfaces, bismuth is preferentially 
adsorbed on step sites and, when the deposition process is 
carefully controlled, decorated stepped surfaces can be 
obtained before deposition on the terrace occurs.60 For the 
decorated surfaces, it was found that the CO formation path 
was completely inhibited.61-63 Thus, the CO formation path on 

the stepped surfaces takes place only on the steps but not on 
the terraces. These conclusions allowed to explain the 
behavior of the Pt(111) electrode. From formic acid, CO is 
formed on this surface exclusively on defects. And, given that 
the initial stages of the adatom deposition cover the defects, 
trace amounts of the adatom are only required to inhibit 
completely the CO formation. This example illustrates the 
importance of the defects in reactivity. Although the presence 
of defect sites in high quality Pt(111) electrodes is well below 
1%, processes taking place on these sites could eventually alter 
the global reactivity of the surface, which highlight the 
convenience of conducting studies on well-defined single 
crystal electrodes in electrocatalysis. 
Pulsed voltammetry confirmed the negligible CO formation 
rate for the whole of the potential range on the Pt(111) 
electrode.45 Moreover, it was also observed that, on the 
Pt(100) and different stepped surfaces, CO can be produced 
from formic acid, in a narrow potential window (ca. 150-200 
mV), which was centered around the corresponding potential 
of zero total charge (pztc).25, 45 The pztc is the potential value 
for which the total charge transferred as a result of adsorption 
processes on the surface is zero. Since hydrogen and anions 
have, respectively,  positive and negative electrosorption 
valencies,64 both hydrogen and anions should be present on 
the surface at pztc at coverage values related with the ratio of 
the respective electrosorption valencies. Thus, for the Pt(100) 
surface, the pztc is located in the region where hydrogen and 
anions are simultaneously adsorbed form the electrolyte. 
Moreover, on the stepped surfaces with (111) terraces, the 
maximum CO formation rate is obtained for the local pztc 
corresponding to the step site, when hydrogen and probably 
anions are present on the step. Thus, as a conclusion, the CO 
formation path occurs in a potential window where the 
adsorption of hydrogen and anions are both favorable, but no 
one of these adsorption reactions dominate over the other 
one.  
When the CO formation and direct path reaction rates are 
compared, insights about the relative importance of the 
undesired path of FAOR can be obtained. In order to make an 
easy comparison, the CO formation rates and the direct path 
currents (intrinsic activity) have been transformed into 
turnover frequencies. So, for the Pt(100) electrode in 0.1 M 
HClO4 + 0.1 M HCOOH, the maximum intrinsic activity is ca. 45 
mA cm-2, which is equivalent to a turnover frequency of 107 
molecules s-1 Pt site-1. On the other hand, for the CO formation 
path the turnover frequency is equivalent to 7 molecules s-1 Pt 
site-1, which is 15 times smaller than that for the direct path. 
This large difference suggests that the CO formation path on 
this electrode could be considered as a minor side reaction. 
However, due to the CO accumulation effect on the surface, 
this side reaction determines the electrode reactivity, 
highlighting the importance of the side reactions.  
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As aforementioned, the reaction rate measured for (111) 
terraces is negligible, that is, it is well below the sensitivity of 
the technique used. For the Pt(111) electrode, the intrinsic 
activity is 2.5 mA cm-2, which is equivalent to 5.2  molecules s-1 
Pt site-1. Thus, if the turnover ratio between the direct path 
and the CO formation path were similar to the one calculated 
for the Pt(100) surface, a CO formation reaction rate on 
Pt(111) of ca. 0.32 s-1 would have been expected. Given that 
the sensitivity of the pulsed voltammetry for the CO formation 
rate is ca. 0.005 s-1, it can be concluded that the CO formation 
reaction on the Pt(111) electrode is even more difficult.  
Finally, reaction rates for stepped surfaces depended on the 
step density. The measured values for the CO formation rate 
constant for the Pt(13,12, 12), Pt(776) and Pt(554) were 
0.5787, 1.1041 and 1.6841 s-1, respectively.45 These surfaces 
have a monoatomic (110) steps on (111) terraces, which has 
15, 13 and 9 atomic rows, respectively. When these values are 
transformed into turnover frequencies and taking into account 
that the reaction only takes place on step sites, a value of 15±1 
molecules s-1 Pt site-1 is obtained for all the surfaces. This value 
implies that the (110) step sites on the (111) terrace are even 
more active than the (100) sites. However, in spite of this, their 
effect on the reactivity of the stepped surfaces is smaller than 
that observed for the Pt(100) electrode, because the lower 
number of sites capable of producing CO.  
Activation energies for the CO formation path have been also 
estimated.21 Although the actual values are different from 
those obtained for the direct path, the shape of the curves is 
essentially the same, which indicates that both paths share 
common steps and influences of the adsorbed anions. The 
above described experimental evidences and implications 
provide valuable insights about the CO formation path of FAOR 
on platinum, such as which the most active surface is, where 
CO is formed on stepped surfaces, or which the adsorbates are 
available to the reaction. However, a detailed mechanism for 

the reaction, consistent with the whole of these evidences, has 
not yet been described. 
CO formation path DFT calculations. To further investigate the 
CO formation path of FAOR on platinum, searching for the 
mechanism, DFT calculations have been carried out on 
different models of low index and stepped surfaces of 
platinum. Considering that the experimental evidences suggest 
that both the direct path and the CO formation path share 
common steps, and that the previously discussed experimental 
and computational results point to monodentate adsorbed 
formate as the specie from which FAOR on platinum is 
initiated, adsorbed formate, in monodentate form, was fixed 
as the reactant of the reaction. From this starting point, a 
plausible mechanism was envisioned, for which the energetic 
was estimated on three different platinum surfaces: two low 
index surfaces (Pt(111) and Pt(100)) and one stepped surface 
(Pt(553)). The idea is to stablish the verisimilitude of the 
proposed mechanism by the way in which the whole of the 
obtained computational results is capable of explain the whole 
of the available experimental evidences about the CO 
formation path of FAOR on platinum. 
It can be argued that, under any conceivable mechanism, the 
C—H bond should be broken, and that the adsorption mode 
should change from a Pt—O to a Pt—C binding mode. Our 
proposed mechanism for the CO formation path of FAO, is 
visually described in Figure 5, exemplified on the Pt(553) 
surface. As a first step in the reaction, it is proposed that 
monodentate adsorbed formate (Figure 5A) dehydrogenates 
towards the surface, while it changes to a bidentate 
configuration in which the C atom rests also bonded to the 
surface (Figure 5C). From this bidentate adsorbed state, the 
adsorbate evolves to adsorbed carboxylate, for which two 
different adsorption modes have been considered (Figure 5D, 
the stable state and E, a pseudo state). Then, from the 
carboxylate configuration shown in Figure 5E, the C—OH bond 
is broken on the surface, yielding adsorbed CO and OH (Figure 
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Fig. 5. States (A, C, D, G and H), pseudo states (E), and transition states (B and F) involved in the proposed CO formation mechanism. See text for complete details. 
Color code for atoms: Pt: blue; carbon: grey; oxygen: red and hydrogen: white. 
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5G). Finally, OH is desorbed to form water in the final step of 
the mechanism (figure 5H). The additional states, displayed as 
figures 5B y F, are the transition states involved in the process: 
that corresponding to the dehydrogenation process, and that 
corresponding to the cleavage of the C—OH bond.  
Assuming the above described mechanism, the energetics of 
the different steps of reaction on the Pt(100), Pt(111) and 
Pt(553) surfaces have been estimated, including the redox 
potential effects, as indicated by the presence of hydrogen and 
water molecules. The clean surface and a hydrated formic acid 
molecule have been used as energy reference, since this is the 
starting point of the reaction. In Figure 6, it can be identified 
that, at 0 V vs. RHE, the most difficult step in the reaction is 

the transformation from monodentate adsorbed formate to 
the bidentate fragment, implying the dehydrogenation. In fact, 
this first step is the rds. From that point, the total energy of 
the system diminishes in every step, with the only exception of 
the process that leads to the cleavage of the C—OH bond, 
which has small activation energy. The calculated energies for 
the different surfaces shows clearly that the reaction on the 
Pt(111) surface has significant higher activation energy than on 
the other two electrodes. On the Pt(100) and Pt(553) surfaces, 
the energies of the different configurations are similar, but the 
barriers are, in general, somehow smaller for the Pt(553) 
surface. These results agree completely with the experimental 
data, which indicates that the rates for CO formation path on 
the Pt(111) electrode are negligible, whereas for the other two 
surfaces the rates are similar. 

Moreover, the evolution of the energy profiles with the 
electrode potential explains why the reaction occurs only in a 
narrow potential window (figure 7). Although in the global 
reaction for the path no electrons are exchanged, so that the 
energetics of the reactants and the final adsorbed CO state are 
potential independent, the rest of steps are affected by the 
electrode potential. The initial step, which leads to the 
adsorption of formate, is an oxidation reaction, whereas the 
final step, in which OH is desorbed to the solution, is a 
reduction step. At 0 V vs RHE, the reaction is unlikely due to 
the high barrier for the first steps. However, as the potential 
increases, the barrier for the initial step diminishes, favoring 
the formation of CO. In fact, the calculated energetics of the 

adsorption step follows qualitatively the experimentally 
observed behavior, Pt(553)>Pt(100)>Pt(111) from most to less 
favorable, which agrees with the observed behavior for the 
adsorption of anions. As the potential is more positive, the 
barrier for these steps diminishes to accessible values with the 
only exception of the Pt(111) electrode. For this electrode, 
even at 0.6 V the barrier is still very large (1.34 eV to reach the 
transition step of figure 7B), which implies that the reaction is 
still very unfavorable. For the other two electrodes, the initial 
steps become favorable. However, the final desorption of OH, 
which is a reductive step, becomes a thermodynamically 
unfavorable step at 0.6 V, inhibiting the process.  Thus, only 
around 0.3 V the reaction is favorable, in agreement with the 
experimental results.  

Fig. 6. Energetics of the states, pseudo states, and transition states involved in the proposed CO formation mechanism (see figure 5), estimated on different platinum surfaces at 0 
V vs RHE. The values corresponding to the low index Pt(111) and Pt(100) surfaces are show in red and blue, respectively, meanwhile those corresponding to the Pt(553) stepped 
surface are displayed in green. 
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It should be highlighted that a quantitative agreement 
between DFT and experimental results is very difficult to 
achieve. Adsorbed species, their coverages and electrode 
charge are, all of them, coupled factors, which depend, in turn, 
on the pH and on the electrode potential. Thus, incoming 
formic acid molecules face different real conditions, which are 
difficult to simulate. However, the proposed mechanism for 
the CO formation path on platinum, and the results reported 
here can qualitatively explain the experimental results. As 
aforementioned, on the one hand, the barriers are always very 
high on Pt(111) electrode, so that the reaction rate is 
negligible. On the other hand, for the Pt(100) and Pt(553) 
barriers are accessible in the central potential region. 
Moreover, adsorbed OH and H are involved in different steps. 
If the electrode potential is very negative, adsorbed hydrogen 
is very stable and thus the formation of the carboxylate is 
unfavorable. However, at very positive potentials OH will not 
desorb from the surface. Thus, the best window for the 
reaction is where the energetics for adsorbed H and OH, are 
similar, that is in the region around the pztc. 

Conclusions 
Forty years of research about the formic acid oxidation on 
platinum have consolidated that the reaction takes place 
under a dual path mechanism model, that the direct path 
proceeds through an active intermediate, or that the other 
path give rise to adsorbed CO. However, different aspects of 
the reaction, such as, the species from which the oxidation 
processes is initiated, the nature of the true active 
intermediate or the elucidation of the formation mechanism of 
CO, remain still controversial. As a result, a complete a 
detailed mechanism explaining all the available evidences of 
FAOR on platinum have not been yet described. Here, using a 
combined experimental and computational approach, the 
most important outstanding issues about FAOR on platinum 
have been addressed and, as a conclusion, a complete a 
detailed mechanism for the reaction has been proposed 
capable of explaining even pH, surface structure and electrode 
potential effects. 

On the one hand, it has been found that adsorbed formic acid 
has a higher acid constant than in solution, which suggests that 
adsorbed formate can be originated not only from formate but 
also from formic acid, highlighting the role of adsorbed 
formate as the key species of the reaction. Additionally, it has 
been also found that two adsorbed formate configurations are 
relevant: The monodentate and the bidentate adsorption 
modes. Moreover, adsorbed formate can swing between both 
of them, being the bidentate form the most favorable. 
However, it is the monodentate form the one that leads to the 
complete oxidation to CO2. Therefore, the bidentate form is 
dominant under low coverage of adsorbate conditions, as FTIR 
results indicate. But, at intermediate coverages, the presence 
of adjacent adsorbates inhibits the transition from 
monodentate formate to the most stable bidentate form, 
favoring the complete oxidation to CO2 in a virtually 
barrierless process. The described mechanism explains the 
experimental relationship between adsorbed formate 
coverages and oxidation currents for the platinum electrodes. 
On the other hand, the starting point of the CO formation 
mechanism would be also monodentate adsorbed formate. 
During the transition between the monodentate and the 
bidentate forms, both atoms of the C—H bond could 
eventually interact simultaneously with the surface, giving rise 
to a dehydrogenation process in which the C atom rests 
bonded also to the surface. This kind of event is improbable on 
the Pt(111) surface, but much more, and similarly, probable on 
the low index Pt(100) and the stepped Pt(553) surfaces. From 
this last configuration, the adsorbed fragment evolves to 
carboxylate, from which C—OH bond is cleaved with the aid of 
and adjacent atom of the surface. This mechanism would 
explain differences in reactivity among different surfaces of 
platinum and why the formation of CO occurs in a narrow 
potential window around the local pztc of the surface site. 
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A) E=0.3 V 
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Fig. 7. Energetics of the states, pseudo states, and transition states involved in the proposed CO formation mechanism (see figure 5), estimated on different platinum 
surfaces at A) 0.3 V and B) 0.6 V vs RHE. The values corresponding to the Pt(111), Pt(100) and Pt(553)  surfaces are show in red, blue and green, respectively.  
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