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A renewed electrochemical model for the oscillatory electro-oxidation of formic acid on platinum in acidic
medium is presented. The model includes recently reported mechanistic findings and evaluates three reaction
pathways towards the production of CO,. Two of these processes consist of dehydrogenation and dehydration of
the formic acid with adsorbed formate species as common intermediate. The third and most active pathway
includes a fast oxidation of the formate ion. The proposed mechanism is translated into a kinetic model and
tested in numerical simulations under voltammetric and oscillatory regimes. Numerical results are further
compared with experimental ones. A successful adjustment of the oscillatory characteristics, namely frequency
and amplitude of the oscillations suggest a good approximation to the actual mechanism of the oxidation of

formic acid on platinum. The role of electrochemical oscillations in mechanistic studies is discussed and a
comparison with previous models is also provided. Finally, some perspectives are suggested.

1. Introduction

The formic acid (FA) electro-oxidation reaction (FAEOR) is an im-
portant reaction in energy conversion, since formic acid can be applied
directly in polymer electrolyte membrane fuel cells (PEMFCs) [1], and
also occurs as a reaction intermediate in the oxidation of methanol,
which is the most studied fuel for PEMFCs [2,3]. Thus, understanding
the FA oxidation mechanism, as well as the factors that affect its re-
action kinetics, is of great importance for the design of cost-efficient
anode catalysts for PEMFCs and to optimize the electrocatalysis in the
electro-oxidation of small organic molecules used as fuels [4].

Different mechanisms for the FAEOR on platinum have been pro-
posed since the 70 s which have often been reevaluated according to
insights from both spectroscopic experiments [5-17] and theoretical
calculations using the density functional theory (DFT) [18-22]. A first
plausible mechanism for the FAEOR on platinum, that consisted of di-
rect and indirect pathways, was proposed by Capon and Parsons [23].
The direct path involves a fast reaction via a reactive intermediate,
which is immediately oxidized further to CO,, Initially, COOH species
(bonded by the carbon atom) was reported as a possible candidate [23],
but no spectroscopic evidence in this direction could be found

reproducibly. Osawa and co-workers proposed formate in a bridge-
bonded configuration, i.e. bonded via both oxygen atoms to two surface
sites (HCOOg), as a reactive intermediate in the direct pathway of the
FAEOR on platinum electrodes [7-9]. The other pathway includes a
step that an inhibiting intermediate is formed and impedes further
adsorption of FA. For this indirect pathway, CO,q4s was identified un-
equivocally as the poisonous species [25-27]. Fig. 1 shows a scheme of
this mechanism.

Yet, the dual pathway mechanism and the role of the bridge-bonded
formate as active intermediate were discussed controversially [15]. One
important argument is that the faradaic current observed experimen-
tally increases faster than the coverage of bridge-bonded formate in
chronoamperometric measurements with different formic acid con-
centrations. This indicates that adsorbed bridge-bonded formate cannot
be considered as a reaction intermediate in the dominant reaction
pathway [10-12]. Considering that the formate is a spectator rather
than a reactive intermediate, some authors proposed a third pathway in
the reaction mechanism of the FAEOR [8,10-12,31,34,35]. Never-
theless, studies using improved infrared techniques which allowed to
monitor the dynamics of electrode reactions (time-resolved Surface-
Enhanced Infrared Absorption Spectroscopy - SEIRAS) [6-8,15] and
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Fig. 1. Scheme of the dual-pathway mechanism for the FAEOR on platinum.
(Adapted from reference [28]).

DFT calculations indicate that HCOOg [18,20,21,36] can be an active
intermediate in the FAEOR. Another aspect under discussion in the
elucidation of the mechanism lies in specifying the contribution of
formate (HCOO ™) in the overall reaction. John et al. suggested a dual
pathway mechanism for the HCOO ™~ oxidation [37]. Joo et al. studied
the FAEOR in a wide pH range and proposed that the formate ion is the
major reactant even in strong acidic media [32]. Thus, the increased
oxidation current with pH can be explained considering a weakly ad-
sorbed HCOO™ as a precursor [32,38]. Therefore, the experimental
observations corroborate the involvement of solution formate in the
oxidation process [18,39].

In addition to conventional studies, the kinetic modeling of the
FAEOR, especially under oscillatory regime, can provide additional
information about the electrode dynamics [17,40-44] and help in the
understanding of the mechanism [28,35,43,45-48]. A prerequisite for
the occurrence of oscillations is the interplay between positive and
negative feedback loops in the reaction network [49]. The positive
feedback is associated with the presence of a negative differential re-
sistance (NDR) i.e. the behavior where an increment of the potential
will cause a further increase of the potential in a process called auto-
catalysis. In this process, water plays a significant role and its adsorp-
tion becomes stronger and active surface sites are more blocked for
increasing potential, inhibiting the electro-oxidation reaction [50]. The
negative feedback loop is associated with the process where an incre-
ment of the potential will form surface oxidized that reacting with the
poisoning CO,q and thus, a decreasing the coverage of the blocking
species will produce a further decrease of potential.

Based on the dual-pathway mechanism, Albahadily and Schell [45]
modeled the FAEOR under oscillatory regime including 10 reaction
steps with 7 variables. Whilst, Okamoto et al. [46] successfully simu-
lated the potential oscillations with only 3 variables and 5 reactions
steps, suggesting that even if many reaction steps are involved in the
FAEOR, a limited number of reaction steps plays an essential role to
find potential oscillations [28,35,46,51]. Strasser et al. established a
kinetic model under potenciostatic control, which also includes the
mass balance of the surface concentration of FA in 4 differential
equations [43]. Mukouyama et al. [28] modeled potential oscillations
during the FAEOR and proposed that adsorbed CO not only acts as a
site-blocking species but also suppresses the decomposition of HCOOg,
whose interaction leads to the potential instabilities [28]. Unlike these
models, Mei et al. [35] suggested that the direct pathway involves
another intermediate different that HCOOg which requires the cleavage
of O—H and C—H bonds in a third pathway, c.f. Fig. 2.

So far it is clear that the mechanism of oxidation of formic acid is
still quite under debate. In this work, we present a kinetic model that
rationalizes several reported mechanistic aspects and considers that the
FAEOR occurs through three pathways towards the production of CO,.
However, the role of the adsorbed formate species is highlighted as a
common intermediate in the dehydrogenation and dehydration of
formic acid.

The proposed model incorporates recently reported mechanistic
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aspects, and was evaluated in terms of the similitude between the si-
mulated and experimental data under voltammetric and oscillatory
regimes. An important criterion followed to determine the kinetic
parameters in our model was to set the charge transfer coefficients in
values between 0.3 and 0.7 as expected in elementary reactions. In this
way, this paper contributes to clear up the mechanism of oxidation of
formic acid through an updated model according to recently provided
experimental and computational insights.

2. Materials and methods

Initially, an reaction scheme was proposed for the FAEOR according
to experimental observations [5-17,34] and first-principle simulations
[18-22,36] described in the literature. Then, a kinetic model was de-
fined by the mass balance of the concentration of the reactants on the
electrode surface and the charge balance at the electrode surface. This
model was constantly re-evaluated by modifying the kinetic equations
and parameters to achieve the best possible congruence between the
simulated and experimental results. The coupled differential equations
were resolved numerically using the software Wolfram Research, Inc.,
Mathematica version 11.2, Champaign, IL (2017).

Regarding the experimental measurements, these were obtained
with a conventional two-compartment, three electrode glass cell was
used for all measurements. The working electrode (WE) was a platinum
plate of about 0.3 cm? in geometric area with roughness of 1.2, which
was flame annealed in a butane flame for about 30 s before entering the
cell. The used reversible hydrogen electrode (RHE) was prepared in the
same electrolyte, which was used for the characterization of the present
system. A platinum foil of much greater area than that of the WE was
used as counter electrode (CE). The measurements were carried out
with an Autolab potentiostat/galvanostat PGSTAT 30. All potentials in
this paper are quoted versus the RHE. The reference electrode was
placed in the same compartment of the electrochemical cell. Solutions
were prepared using sulphuric acid (97.3%, J.T. Baker), potassium
sulphate (99.0%, Sigma-Aldrich), formic acid (98%, Sigma-Aldrich) and
Milli-Q-water (18.2 MQ cm). Before each experiment the solution was
purged with argon (99.996%, White Martins) for at least 5 min. After an
electrochemical annealing by cyclic voltammetry (CV) of at least 1000
cycles in the basic electrolyte in the potential range between 0.05 and
1.45V and a scan rate of 1 Vs, a CV at 0.05V s~ ! was carried out in
the same potential window to ensure the cleanliness of the system.
Afterwards the electrode was put in a solution with the identical pH,
containing the same ingredients and formic acid. Another CV at 0.05V
s~ ! was performed to check the reproducibility of the characteristic
features the voltammogram of formic acid oxidation on platinum before
any further procedure.

3. Results and discussion
3.1. Reaction mechanism

Recent publications [18,20,52] have suggested the possibility that
the HCOOy, is an intermediate both in the formation of CO.q on pla-
tinum and in the production of CO,. It is also argued that monodentate
adsorbed formate is quickly transformed to the much more favorable
bidentate form. Therefore, it is reasonable to assume that the adsorp-
tion of FA produces HCOOg and that the active intermediate HCOOy, is
formed by the reversible configurational transformation from HCOOg.
Therefore, we proposed a preliminary reaction mechanism with two
pathways and adsorbed formate species as common intermediates. In
addition, we include a third pathway [8,10-12,34,35] to account for
the current observed in the cyclic voltammetry, vide infra. Fig. 3 shows
the reaction scheme proposed with triple-path electro-oxidation of
formic acid. In the following we discuss the details of all individual
steps.
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Fig. 2. Scheme of the triple-path mechanism for the FAEOR on platinum. (Adapted from reference [35]).

3.1.1. Formate pathway
The first pathway consists of the dehydrogenation process of FA as
shown in equations r1-r3. The reactions involved are:

1
HCOOH + 2* ~ HCOOg + H* + e~

1 1)
2
HCOO3 + 2 * - HCOO; + 3* (r2)
3
HCOO; + *— CO, 4+ H* + e~ + 2* (x3)

where the asterisk represents a free surface reaction site, the ‘B’ and ‘I’
scripts indicate that the chemical species is adsorbed on the electrode
surface in a bridge-bonded or linear-bonded configuration, respectively.

The reaction steps 1 and -1 indicated in equation r1 correspond to
fast adsorption of FA and desorption of HCOOg on and from the pla-
tinum surface, respectively [12,13,15-17,24,28,33,35,53]. By means of
DFT Gao et al. proposed that the CO, formation is initiated by a single
molecule of HCOOg in a process which involves a coupled proton-
electron transfer [20,21]. However, HCOOg is not the species that forms
CO,, directly because the cleavage of the C—H bond requires high ac-
tivation energy, above 1 eV [20]. Thus, step 2 is suggested as the rate-
determining step (RDS). It is worth mentioning that Kibler and Al-
Shakran [53] reported that the strongly bound HCOOjg adsorbs in chain-
like structures on Au(111) which achieves a phase transition char-
acterized by a current jump with increasing potential.

Hence, the second step involves a configurational transformation of
the adsorbed formate from a bridge-like adsorption mode to a mono-
dentate one. The HCOOy, has also been proposed as active intermediate
even though it would be hindered by the presence of neighboring ad-
sorbates [18]. This configurational change is necessary for activation of
the C—H bond which requires an orientation with the hydrogen atom
pointing to the metal surface [20]. This idea is also in agreement with
results by Cuesta and Feliu’s group who supposed that the reaction is
mainly driven by the oxidation of monodentate formate [18,52]. Re-
garding the rotation of the adsorbed formate described by the equation

H* +e~

1
HCOOH —é HCOO, —— HC00, —

H*+2e”

Hcoo- <> co,

r2, it should be noted that the presence of other neighboring adsorbed
species prevents the process. Thus, it is plausible to assume that some
neighboring free sites are required for the change of HCOOg to HCOO,,
configuration. In this case, we have assumed the requirement of two
free sites per HCOOp molecule.

Finally, step 3 corresponds to the oxidation of HCOOy, to CO, via the
C—H-down configuration, where the C—H bond can be cleaved giving
rise to the dehydrogenation with a lower activated energy [18,20].

3.1.2. Indirect pathway

For the second pathway evaluated, it is postulated that the COp
formation also occurs from the intermediate HCOO;. The proposed
reaction is:

4
HCOO; + Ht + e~ + 2 *—> CO; + H,O + 2* (r4)

Early studies using infrared reflection absorption spectroscopy
(IRAS) has undoubtedly shown that adsorbed CO is a poisoning species
in the FAEOR [25-27,54]. However, unlike previous models [35], our
proposal considers that the formation of COp on platinum can also
proceed from monodentate adsorbed formate, i.e. after the reaction
steps indicated in the equations r1 and r2. This idea has been suggested
at the solid-gas interface [55] and supported by experiments where a
kinetic isotope effect has been ascribed to the faster decomposition of
HCOO,4 than DCOO,4 [8]. Recent experiments and calculations using
DFT also support this idea [18,20,21,36].

It is pertinent to clarify that the reaction described by equation r4
does not correspond to an elementary reaction step. Some authors ar-
gued 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 [18]. However, if the first reaction step is the RDS,
as suggested by DFT studies [18], then it can be considered that
equation r4 represents the overall kinetics of this process. This reaction
requires two vacant sites [56] additional to the site required for the
adsorption of HCOO;. Thus, the CO,4 formation would require the
presence of at least three contiguous Pt atoms according to the

HY+e”
—> CO,
4
—~ (0,
Ht+e~ Hy,0 H* +e”
2, co,
HY+e”

5
Hy0 == OHyqs

Fig. 3. Proposed reaction scheme for triple-path electro-oxidation of formic acid on platinum.
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observation by Cuesta et al. [9] but the kinetic equation (Eq. (5)) cor-
responds to the reaction order 2 with respect to 0y, [17,57].

On the other hand, the CO,4 formation rate decreases with in-
creasing potential [7,39]. This behavior has been ascribed to potential-
dependent changes in the concentration or orientation of the likely
precursors of the HCOOH molecules and the HCOO ™ anions near the
interface, or effects related to the polarity of the transition state for the
CO,q formation [10]. However, our model considers that the dehy-
dration process (r4) is initiated by an electro-reduction process, which
also can explain successfully the dependence on the potential of the
formation of CO;.

Regarding OH,gq, it is assumed that the oxygenated species on the
surface of the electrode are formed from water at potentials from 0.50 V
[58]. Here, we have not considered the formation of PtO,, which are
formed at higher potentials and subsequent to the adsorption of OH_q4.
This is because the process of Eq. (5) is the predominant one in the
simulated potential range and the inclusion of additional species does
not significantly improve the results.

5
H,0+ * = OHgq + H* + e +*
-5

(r5)

In the potential range, where OH,q is present, COy, can be oxidized
to CO, via Langmuir-Hinshelwood mechanism [46,59]. The electro-
chemical equation for COy, oxidation can thus be expressed as:

6
CO.+0OH, —»CO, + HY + e~ + 2* (r6)

3.1.3. Direct pathway
In this pathway, formate in solution is quickly oxidized to CO, by
dehydrogenation:

HCOO~ + *-> CO, + H* + 2e~+* «7)

If CO.q is not present on the electrode surface and only the formate
pathway is considered in the FAEOR, the faradaic current should be
proportional to the HCOOg coverage. However, this is not experimen-
tally observed [11,13,18,29] and because of that, Behm’s group ques-
tioned the role of HCOOg as an intermediate. Since the contribution of
dehydration pathway to the total current is negligible under the con-
ditions mentioned, this observation requires the existence of another,
third reaction pathway, which might be dominant without an IR-de-
tectable adsorbed intermediate [10-12].

Regarding the nature of the chemical species that participates in the
third pathway, DFT calculations of FA oxidation on the Pt(111)/H,0O
interface have shown that a possible reactive precursor is FA in a CH-
down configuration [22]. It is worth mentioning that if this oxidation
process involves the breakdown of the C-H bond in the RDS, the
aforementioned kinetic isotope effect is to be expected, where the
current densities for HCOOH are higher than those observed for
DCOOH [10]. Experimentally, an ordered species containing a C=0
vibrational mode at the interface with Pt(100) surface has been de-
tected at moderate potentials where it also is observed significant oxi-
dation current [60]. The authors employed advanced vibrational
spectroscopic tools that provides the vibrational response of the first
1-2 layers of molecules at an interface in the presence of chemically
identical molecules in the adjoining bulk liquid phase. Although formic
acid was proposed as the molecule with the C=O0 vibrational mode by
authors, this observation also makes it possible for the formate to be the
precursor of the direct pathway. Recent studies on the pH effect on the
FAEOR show an increasing current with increasing pH, suggesting that
the active species in this pathway is the formate anion instead of formic
acid [5,32,38]. In any case, this proposal does not invalidate the ob-
served kinetic isotopic effect maintaining the idea that this oxidation
process involves the breakdown of the C—H bond in the RDS. Another
argument in favor of the anion formate being the active species in the
third pathway has been discussed by Feliu’s group [18]. If the RDS in
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this third pathway is a concerted proton-electron transfer, as would
occur if HCOOH were the active species, then the equilibrium potential
for the reaction should not shift in the RHE scale. However, it is ob-
served experimentally that at pH > 3.75, where HCOOH is not the
dominant species in solution, the onset potential shifting 40 mV per pH
unit. Thus, this behavior suggests that the FAEOR happens through the
reaction of formate anion to produce CO, [19].

Some studies using DFT show that if the anion approaches the
surface with the C—H bond pointing towards the surface, occurs the
C—H bond cleavage. In this process, there is no adsorption of the car-
bonaceous species but it does require free sites on the platinum surface
for interaction with the H atom [19]. In conclusion, unlike from pre-
vious models [4,23,38], we consider that the active species in this third
pathway is the formate anion instead of the formic acid that requires
one free site to the dehydrogenation process.

According to the reaction steps proposed and their rate-determining
steps, it is possible to establish the kinetic equations, which determine
the rate of each process.

3.2. Kinetic equations

With the mechanism described above, we derive the following
equations for the reaction rate of each step m -th:
U = ki (@) T 1 (Cr or 6r) [43,61,62] with k,, (¢) as the rate coefficient
of the electrode reaction at potential ¢, Cr the concentration of reactant
R near the electrode surface, and 6; as the coverage of an adsorbed
reagent R on electrode surface. The coverage by the adsorbed species is
defined as the ratio between the amount of adsorbed species and total
surface sites.

Thus, the rate for FA adsorption and formate desorption, and the
adsorbed formate oxidation can be expressed as following [8,28,35]:

1 = ki (¢) Gucoon Bvac (@]
V-1 = k_1(#) Brcoog (2)
V2 = kg Bucoos Ouac® 3)
V3 = k3(¢) Grcooy, vac @
where 6,, is the fraction of vacant sites defined as
Bvac = (1 — Bco, — 26c0z — Bucoo, — 26ncooy — Bon). In this work, it

has been considered that the relationship between CO; and COg
maintain close to the equilibrium in which 8¢o, & 0.258 8¢(,. This ratio
follows a coverage at saturation of 0.66 and 0.17 for COy and COpg,
respectively [17]. On the other hand, 6¢o, and 6xcoo, are multiplied by
2 in the expression of 6,,. because each molecule occupies two surface
sites. On the other hand, we have not considered the presence of other
adsorbed species, for example, anions such as HSO,~ or SO, for the
sake of simplicity [39]. Therefore, the simulation implicitly includes
part of this effect in the parameters considered.

The rate for CO formation, water adsorption and desorption, and CO
oxidation can be expressed as follows:

Vs = ka($) Gricooy, Ovac® )
Vs = ks(4) Criy06vac (6)
v_s = k_s(#) fon )
Vs = ke(#) Oco, Bon ®

While the rate for the process described by equation r7 can be
written as:

v7 = k7(#) Crcoo Bvac (C)]

In the above equations, the concentration of FA and formate in
solution are determined as a function of pH in the bulk solution. Thus,
we used the values of 1.99 x 10! M and 3.55 x 10* M as molar
concentration for HCOOH and HCOO-, respectively. These
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concentrations in the bulk at pH = 1.0 are assumed equal to double
layer region and correspond to the nominal concentration of
Crcoon = 0.20 M. The concentration of water in the double layer region
equals its bulk concentration, which is constant during FA oxidation
and assumed as Cji%) ~ CfAf = 55 M.

According to the Butler-Volmer theory, the rate constants are given
by the expression k,, (¢) = k2 o'Br @43 for oxidation reactions and by

ko (@) =k e 1269 for the reverse reactions, with k. as the
standard rate constant, 3, the charge transfer coefficient, F the Faraday
constant, R the ideal gas constant, T the temperature, and ¢V?l the
standard potential of the reaction m. For convenience, the rate con-
stants for the elementary steps are expressed as:

5m

K ($) = 77 G=tmand Ko ($) = e @4 10)
where ¢,, = ¢° +ﬂl( )andq& =¢0 — ﬁ)Fln(l).

According to the free energy curves for kmetlcs of electrode reac-
tions, the most probable values for charge transfer coefficients are
around of 8, = 0.5 due to the approximate symmetry of the energy
barrier in elementary reactions. It turns out to lie between 0.3 and 0.7
in most systems [63]. Thus, terms Bnf and O=Fm)F in the kinetic
coefficients turn out to lie between 11.7 and 27.2 at 25 °C, respectively.
One of the drawbacks of some previous models is that values used are
not in the mentioned range. For example, values of =6.1 and
B F

=5 have been assumed [28], which result in §,, = 0.16 and 0.13,
respectively.

It has been also assumed [28,35] the transfer of two electrons for
the equivalent process to reaction r6 in our model. This entails as-
suming a value of 39 for the term #»¥'. However, in our case reaction r6
involves the transfer of a single electron. Thus, in this work all charge
transfer coefficients have been set at a value of 0.5 except for the for-
mation of oxygenated species and its reverse step which are not ele-
mentary reactions, and j3,, reads 0.65.

Regarding the parameters ¢,, and ¢ ,, these were fitted to reproduce
the observed oscillations and the voltammetry response, as indicated in
Table 1. Finally, since reaction step r2 is chemical and thus, does not
depend on the potential as in Eq. (10), the rate coefficient of this step
was also adjusted to reproduce the oscillations observed. The numerical
values of the individual rate constants are further discussed below.

3.3. Kinetic model for the formic acid electro-oxidation

The kinetic model for the FAEOR can be defined by the mass bal-
ances of the concentration of the reactants on the electrode surface 6.
The time-dependent change of & is equal to the difference between the
rate for the supply of R and the rate for its consumption through
electrode reaction. Thus, one can write the equation for the evolution of
HCOOg, HCOOy, COy, and OH,, as following:
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dbor
Tar T 14
A further differential equation is necessary to solve the system of
nonlinear equations. This equation results from the charge balance at
the electrical surface, which depends on the type of electrochemical
experiment. For a galvanostatic experiment, the current applied to the
electrochemical system i, corresponds to the sum of the current of the
faradaic and capacitive processes, ir and ic, respectively. The current
density of the non-faradic processes can be expressed as j. = Cy %,
where C; is the capacitance associated to the electric double layer and
¢ the potential difference between the electrode and the solution. The
total faradaic current density corresponds to the sum of the current
densities of each process, j. = ), F N V. Where, vy, is the rate of the
m -th reaction step and N, are the total surface sites at the electrode by
area unit. In the case of step 7, the current density considers the transfer
of 2 electrons and consequently, can be written as j, = 2F Ny, v7 [35].
Thus:

d¢

CdE = Japp — F Niot (01 = Vg + V3 — vy + Vs — Vs + Vs + 2v7)

(15)

Under potential control c.f. the case of voltammetry experiments,
instead of j,,,, the term ¢ is used [28], with E as the applied voltage
between the reference electrode and working electrode, A is the elec-
troactive area, and Ry is the electrical resistance. The values of the
constants used in the numerical simulations are reported in Table 2.

The values for the total resistance and the double layer capacitance
were estimated according to the size of electrochemical cell used in
studies of voltammetry and chronopotentiometry of the FAEOR on Pt
[38]. We used the electroactive area estimated via the electrochemical
charge in the hydrogen region. The value for N, corresponds to the
atomic density in a clean polycrystalline surface of platinum. This value
was determined by the charge density of 210 uC cm=2 for the mono-
layer hydrogen adsorption/desorption [17]

3.4. Voltammetric response

The electrochemical response that predicts the proposed model
must be compared with different experiments in order to validate it.
Thereby, we compared the results not only in the oscillatory regime but
also with the voltammetric behavior. The following figure shows the
simulated voltammetric profiles for the oxidation of formic acid and the
coverages of adsorbates during this process. Additionally, experimental
results reported previously have been included for comparison pur-
poses.

Two oxidation peaks (I and II) appear along the positive-going scan
and two peaks appears (IV and V) in the negative-going scan. Peaks are
named according to the currently adopted nomenclature [5,23,64].
According to previous reports [5,64], in all peaks shown in the vol-
tammetry of Fig. 4(a) there is an important contribution of the oxida-
tion by the direct pathway. Additionally, peak II also has a small con-

dé o S 1
TIHCO0B )~y — v, an tribution of the CO,q4 oxidation process to the total current which is less
dt than 1% at room temperature [11-13,16,17,30,56]. Regarding the
6 formate pathway, the contribution to the overall oxidation process is
ZYHCOOL Vy— V3 — Wy a2 also very low. Therefore, almost all the faradaic current observed
dt during the voltammetry corresponds to the process of oxidation of
46 formate by the direct pathway. This idea is consistent with the ap-
—COL v 13 pearance of a broad region of high current densities between 0.50 V and
dt as 0.70 V observed both forward and backward scan in quasi-stationary
Table 1
Kinetics parameters used in the numerical simulations.
¢ /V ¢V $3/V $s/V $s/V ¢s/V ¢/ V ¢, 1V Bs k /s7!
-0.04 0.02 0.38 0.60 0.40 0.71 0.78 —0.40 0.65 1.1 x 102
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Table 2
Constants used in the numerical simulations.

Ry /Q Cq/CV1iem™2 A/cm? Nior / mol cm™2
10 24 x 107° 0.42 2.18 x 107°
(a)
~ 5.0 v ——Simulation
! - — Experiment
£
(3]
< 2.5+
£
—
OO i 1 1 1 |’
1.0} (b)
0.5}
J 1 A 1
= (©)
[\

0.6 0.9
E vs.RHE/V

Fig. 4. (a) Voltammetry cyclic experiment of FAEOR; (b) coverage of ad-
sorbates during a forward scan; and (c) coverage of adsorbates during a back-
ward scan. [HCOOH] = 0.2 M; pH = 1.0; rate scan = 50 mV s7L Experimental
results obtained from the reference [38]. The experiments were carried out in a
solution containing 0.4 M K>SO, + 0.2M HCOOH of pH 1.02.

1.2

experiments or performed at very low scan rates [64].

However, at 50mV s~ !, as in the case of the voltammetry of
Fig. 4(a), the interplay of the adsorption/oxidation processes of COg,
HCOOg, and OH,q4 affects the voltammetric profile. In this case, the
intensity of peak I in the forward scan is affected by the increase in the
coverage of adsorbates, as it is demonstrated in Fig. 4(b). As Samjeské
et al. [15] found by ATR-SEIRAS, CO,q adsorbs in a wide potential
range between 0.0 and 0.70 V, where its high coverage drops rapidly to
0 due to its oxidation. After the oxidation of CO,q, free platinum sites
become available and allow the direct oxidation process, giving rise to
peak II. As the IR data in the literature show [15], the coverage of
HCOOg increases to a maximum at around 0.90 V. This is not the case in
our simulation, where the HCOOg coverage remains approximately
constant up to 1.2 V.

During the backward sweep, the peaks are more intense, since the
electro-oxidation processes can take place "0.50V on the platinum
surface free of CO,qs [5,64]. Peak IV is associated with the process of
oxidation of FA by the direct pathway, while peak V involves the for-
mation of CO, both in the direct and formate pathways. Thus, the
HCOOg coverage increase to its maximum at 0.60V and decreases
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Fig. 5. (a) Simulated; and (b) Experimental potential time series during a gal-
vanostatic experiment of formic acid oxidation; and (c) Simulated coverage of
adsorbates during a galvanostatic experiment of formic acid oxidation:
[HCOOH] = 0.2M; pH = 1.0; japp = 0.40 mA cm ™2 Experimental results ob-
tained from the reference [38].

afterwards due to the formation of CO,q4, which is again in agreement
with the data found by Osawa and coworkers [15]. Yet, it should be
mentioned, that the simulated coverages do not mirror exactly the ex-
perimental data. This may be the consequence of a complex network of
various surface processes like anion adsorption interfering in the oxi-
dation of FA on platinum.

3.5. Kinetic instabilities

Simulated and experimental time-series of potential and coverage of
adsorbates during a galvanostatic electro-oxidation of formic acid are
shown in Fig. 5. A typical pattern is observed in which each cycle is
characterized by an initial slow rise of potential followed by a sharp rise
to high limiting value and sudden drop to low limiting value. These
electrochemical oscillations in the galvanostatic oxidation of formic
acid have been early explained in terms of oxidative removal of CO that
inhibits and accelerates, respectively, the direct path [45]. However,
the simulated results show that the coverage of all adsorbates oscillates
synchronously with the potential. These results are consistent to ex-
periments using EC-ATR-FTIRS by Osawa et al. [15-17].

Overall a very good agreement between simulated and experimental
profiles has been provided, including the coverage of adsorbates pre-
viously reported [17]. Yet, there can be found some differences in the
found patterns as well, when comparing simulations and experiments.
As predicted by our model, the formate coverage increases constantly to
its maximum close the potential spike and decreases afterwards first
slightly with the slow decrease in the potential peak, then fast to its
minimum, which appears close to the potential drop. In contrast, the
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“%

Fig. 6. Interplay of the coverage of the adsorbates during a galvanostatic ex-
periment of formic acid oxidation: [HCOOH] = 0.2M; pH = 1.0;
japp = 0.40mA cm 2.

experiment shows the maximum in the formate coverage right before
the potential drop, coinciding with the potential maximum and a fol-
lowing fast decrease with the potential to their minima [17,65]. Dis-
crepancies can also be seen in the comparison to the simulations of Mei
et al. [35], where the coverage of oxygenated species, which is not
negligible in the low potential part of each oscillation cycle and show a
non-zero coverage differently to our modeling. This fact suggests the
presence of water on the Pt surface at any point of the time-series [35].
Here it should be emphasized that the coverage of oxygenated species
and the potential increase synchronously until the potential peak, what
suggests water as inhibiting species with respect to the direct oxidation
pathway.

Fig. 6 shows the interplay of the coverage of different adsorbates
along one cycle. The coverage of COL reaches the minimum value when
the coverage of formate reaches its minimum. Then, the rapid oxidative
removal of COad at ¢ > 0.8V results in a small increase of the formate
coverage and in an increase of the contribution to the applied current
by direct pathway. After the drop of the potential to the potential
minimum, the formate coverage decreases quickly to the initial value,
while the COL recovers its coverage first quickly and then gradually
[17]. The simulation also shows that, as in the case of formate, the
coverage of the oxygenated species oscillates in phase with the poten-
tial, and in contrast to that for the coverage of CO. Thus, the coverage of
OHad reaches the maximum value when the coverage of COad is
minimum.

Recently published data [65] could give a deep insight of the Pt
coverage of galvanostatic formic acid oxidation, where an intermediate
level of CO,q4 coverage was found along the potential oscillation cycle
indicating a delay in the removal of CO,4 via Langmuir-Hinshelwood
mechanism. The combination of ATR-SEIRAS and differential

Table 3
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Fig. 7. Optimized rate constants obtained from numerical simulations with Eq.
10 as function of the electrode potential.

reflectance spectroscopy suggested that freed Pt sites due to CO,q oxi-
dation are occupied initially by sulfate rather than HCOOg, which has a
crucial impact in the interaction of CO,q and OH,g4.

In conclusion, FAEOR takes place in a complex network of surface
reactions, which may have a role in the oxidation mechanism or adsorb
as spectator species occupying active surface sites. Consequently many
adsorption processes have to be considered in FA oxidation on pla-
tinum, which makes an exact simulation of the voltammetric and gal-
vanostatic response difficult. Nevertheless, this work is in line with
many experimental observations reported in the literature so far
[8,10-12,34,35], and for the first time, the voltammetric response is
simulated in a wide range of potentials giving greater support to the
proposed model. The use of realistic parameters, allows estimating the
rate constants with greater certainty and reliability.

Nevertheless, the calculation of rate constants under standard con-
ditions is not possible because the standard potentials of individual
reaction steps are not known either. However, considering the afore-
mentioned parameters it is possible to estimate the rate coefficients as a
function of the electrode potential under conditions outside the steady
state with a greater scope compared to previous works [48]. Table 3
presents values calculated using Eq. (10) for different electrode po-
tentials ¢. The complete set of rate constants as a function of the
electrode potential is given in Fig. 7.

It is seen that the CO, formation is unequivocally faster by the direct
pathway (r7) in comparison with the other two considered pathways.
This observation has been reported in voltammetric studies as will be
explained later [5,64]. In the same way, it is possible to observe that
from the intermediate HCOO;, the formation of CO; (r4) is more ki-
netically favored than the CO, formation by r3. Therefore, it is expected
that the formate pathway only has a significant contribution when the
platinum surface has free sites and the r6 reaction does not occur at an

Optimized rate constants obtained from numerical simulations with Eq. 10 for selected values of the electrode potential.

¢/V ky /em? mol ' 571 k_i/s7! ks /s7! ky /s7t ks /em? mol~1 571 k_s /s7! ke /57! k; cm® mol~1 571
0.10 1.5 x 10 2.1 %1071 4.3x10°3 1.7 x 10* 51x10°* 4.1 x 10° 1.8x107° 1.7 x 10*
0.20 1.1 x 10? 3.0 x 1072 3.0x 1072 2.4 x 10° 6.3 x 1073 1.0 x 10° 1.3x107% 1.2 x 10°
0.30 7.5 x 102 43x107° 2.1 x107! 3.4 x 10? 8.0 x 1072 2.7 x 10? 8.8 x107° 8.3 x 10°
0.40 5.2 x 10° 6.1 x10°* 1.5 4.9 x 10" 1.0 6.8 x 10" 6.1 x10°* 5.8 x 10°
0.50 3.7 x 10* 8.8 x107° 1.0 x 10* 7.0 1.3 x 10* 1.7 x 10* 43 x107°3 4.0 x 107
0.60 2.6 x 10° 1.3 x107° 7.2 x 10! 1.0 1.6 x 10? 4.5 3.0x 1072 2.8 x 10®
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Fig. 8. Stability phase diagram indicating the nature of oscillations as predicted
by Egs. (11)-(15). Remaining parameters as in Table I and II.

appreciable rate, e.g. at E < 0.8V vs. RHE during the backward scan at
voltammetry cyclic.

We have also estimated the dynamics over a wider parameter
window. Out of the many possibilities we investigated the behavior in
the j (j,pp) VS. @5 plane, results are summarized in Fig. 8.

The kinetic model developed above was used to assess the nature
and the relative abundance of the oscillatory patterns that it predicts.
Fig. 8 shows a wide window in control parameter space where oscil-
lations are expected. The dynamics of the model equations was in-
vestigated numerically by discretizing the window shown in Fig. 8 into
a mesh of 200 x 200 equally spaced parameter points. Using a fourth-
order Runge-Kutta integrator with fixed step h =5 x 107>, we re-
corded the temporal evolution obtained by starting integrations from
the arbitrary initial condition (0, 0, 0, 0, 0), proceeding horizontally
from left to right, and discarding a transient of 5 x 10° time-steps. The
result of this investigation is the relatively smooth boundary curve se-
parating the window in Fig. 8 into two distinct phases. For a fixed value
of j, we observed a successive complexification of the oscillatory pat-
terns as s increases towards the boundary. The upper region marked
by complex oscillations is not a region of chaos but, instead, a region
where one observes a slow and systematic amplitude drift of relatively
regular oscillations. Clearly, such drifting oscillations are not periodic,
although they may eventually evolve asymptotically to periodic oscil-
lations with more complicated wave patterns. In this region, some of
the variables did not oscillate, but displayed a linear increase or de-
crease as a function of time, while the other variables oscillated. The
detailed investigation of both regions, of simple and complex oscilla-
tions, demands a considerable investment of computer time and,
therefore, is postponed for a later opportunity.

4. Conclusions

In conclusion, we modeled the formic acid electro-oxidation reac-
tion (FAEOR) on platinum and carried out numerical simulations under
voltammetric and oscillatory regimes. The reaction mechanism pro-
posed in this paper compiles a series of experimental and theoretical
observations reported in the literature that the electro-oxidation of
formic acid on platinum takes place mainly through a direct pathway
that probably involves the participation of the formate anion instead of
the formic acid, even in strongly acidic solutions. Both the formate and
the indirect pathway take place through the change of configuration
from the bridge-bonded formate to monodentate formate.

Almost all the Faradaic current observed during the cycle voltam-
metry corresponds to the process of oxidation of FA by direct pathway
but the interplays of the adsorption/oxidation processes of COp,
HCOOg, and OH,q4 affect the voltammetric profile and showing four
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current peaks at 50 mV s~ ! in the window of potential studied. These

interplays are also evaluated in galvanostatic conditions where poten-
tial oscillations and oscillations of the coverage of all adsorbates are
observed. The good congruence of the numerical solution of our model,
namely frequency and amplitude of the potential oscillations, with the
experimental response makes our proposal a plausible possibility for
the FAEOR, providing evidence to the clarification of this controversial
process.
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