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ABSTRACT. Galvanostatic potential oscillations during the oxidation of formic acid were studied
by time-resolved Surface-Enhanced Infrared Absorption Spectroscopy in the attenuated total
reflection configuration (ATR-SEIRAS) and reflectance measurements in the ultraviolet (UV)
region. ATR-SEIRAS allowed monitoring oscillations in the coverage of adsorbed CO (COaq) and
adsorbed bridge-bonded formate (HCOOy;), while UV reflectance revealed oscillations in the
coverage by specifically adsorbed anions (namely, adsorbed sulfate). The potential oscillations
and the coverage of all these species are strongly interconnected, and an analysis of their
correlation provides detailed insight into the autocatalytic loop responsible for the emergence of

non-linear dynamics.
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HIGHLIGHTS

All present species in solution and on the surface compete for active sites

Adsorbed anions and bridge-bonded formate interfere in the removal of adsorbed CO
Formic acid oxidation takes place in a complex, potential dependent network

All active processes have to be considered to understand the catalytic performance

1. Introduction

Formic acid oxidation has attracted much interest for decades, because of its own relevance as a
possible fuel in fuel cells [1,2], and because it is seen as a model reaction to understand the
oxidation of other small organic molecules, where it often also occurs as an intermediate [3—6].
Formic acid oxidation is known to take place via the dual-pathway mechanism first suggested by
Capon and Parsons [7]. One of the two pathways, usually called the indirect path, involves the
dehydration of formic acid to adsorbed carbon monoxide (COaq) [8], whose oxidation to CO>
requires high overpotentials and, therefore, acts as a poisoning species. The so-called direct path
involves, instead, the stepwise dehydrogenation of formic acid to CO. In addition to COaq, only
bidentate adsorbed formate (HCOOw;) has been detected on the electrode surface during formic
acid oxidation, and this species was initially claimed to be the intermediate in the direct path.[9,10]
However, current consensus is that, although HCOO™ (and not HCOOH) must be the precursor of
the actual reactive intermediate [11-19], HCOO; is not fulfilling this role. It has been suggested
that undetected monodentate adsorbed formate (HCOOmono) is the reactive intermediate, and needs
to adopt a C-H-down configuration before the last proton-electron transfer to yield CO: can

proceed [12,16,19]. HCOOpi and HCOOmeno are thought to be in equilibrium with each other



[12,19], and, since the rate of formation of CO.q has been shown to increase linearly with the
coverage of HCOOw,; [13,20], HCOOmono 1s thought to also be the intermediate in the dehydration
of formic acid to COaq [12,16,19].

Non-linear dynamics phenomena, such as periodic oscillations, quasiperiodicities, and chaos,
are common in electrochemical systems [21,22]. The electrocatalytic oxidation of formic acid is
one of the most typical and most studied electrochemical oscillators [23—29], known to produce
temporal oscillations under both potentiostatic and galvanostatic conditions. Osawa and co-
coworkers were the first to use time-resolved surface-enhanced infrared absorption spectroscopy
in the attenuated total reflection mode (ATR-SEIRAS) to provide insight into the feedback
mechanism responsible for the oscillatory behavior in the electrooxidation of formic acid [28—30].
They found CO.q and HCOOp; to change their coverages synchronously with the temporal potential
oscillations [29]. According to their interpretation, COaq blocks the adsorption of HCOOpi, and
suppresses the dehydrogenation of HCOOmono to CO», provoking an increase in the potential in
order to maintain the applied current. When the potential is high enough CO.q4 is oxidatively
removed, allowing for an increase in the coverage of HCOOpi and an acceleration of the
dehydrogenation of HCOOmono. This results in a negative shift of the potential that leads again to
the formation of COaq, resulting in a self-sustained loop. However, although ATR-SEIRAS is very
well suited for the detection of COa.q and HCOOy,;, it is not so sensitive to the presence of
specifically adsorbed anions like adsorbed sulfate. Ultraviolet (UV) reflectance, on the contrary,
has been shown to be very sensitive to the presence of a variety of adsorbed species on the surface
of Pt electrodes, and, in sulfuric acid solutions, can be used to monitor changes in sulfate coverage
[31-39], thus allowing a deeper inside into the feedback mechanism, when the system is

oscillating.



Here, we present a study of the species present on the surface of a Pt electrode and the
oscillations in their respective coverage during galvanostatic oxidations combining ATR-SEIRAS
with UV reflectance measurements. Our ATR-SEIRAS results are completely consistent with
previous work by Osawa and co-workers, but we complete their interpretation using new
knowledge gathered since that work, particularly about the mechanism of formation of CO,q from
HCOOH. Furthermore, UV reflectance provides new important information regarding the
synchronous change in the sulfate coverage, and its role in the feedback mechanism.

2. Experimental

All solutions were prepared with K2SO4 (BDH Chemicals, 99%), HoSO4 (Fisher Scientific, >
95%) and HCOOH (Sigma-Aldrich > 98%). Before each experiment, the electrolyte was deaerated
with nitrogen (BOC Gases, 100%).

Galvanostatic potential oscillations were generated using an analogue galvanostat (EG&G
Princeton Applied Research (model)), and recorded using a digital oscilloscope (Yokogawa). A
reversible hydrogen electrode (RHE) was used as reference, and a Pt wire served as counter
electrode.

ATR-SEIRA spectra were carried out using a two-compartment glass cell. The working
electrode was a Pt film deposited on the totally reflecting plane of a Si prism bevelled at 60°,
following a procedure reported elsewhere.[40] Time-resolved ATR-SEIRAS experiments were
performed with a Nicolet 470 FTIR spectrometer equipped with a liquid nitrogen-cooled MCT
detector, using unpolarised light. The background spectrum was recorded at 0.10 V in the formic

acid-free electrolyte, and consisted of 100 interferograms. Spectra are reported in absorbance units,

Rsample

calculated as A = — log , where Rsample and Rbpackground are the reflectance of the sample

Rbackground

under the sample and background conditions, respectively. Spectral series with an interval of 140



ms between spectra were recorded during galvanostatic potential oscillations, each spectrum in the
series consisting of a single interferogram with a spectral resolution of 8 cm™.

UV reflectance was monitored using a two-compartment Teflon cell especially designed for this
purpose. All reflectance experiments were performed at A =250 nm. The working electrode was a
Pt(111) single crystal (MaTecK, disk 10 mm in diameter and 2 mm thick) suspended from a Pt
wire and completely immersed in the solution (i.e., while the reflectance signal originates
exclusively from the oriented face, the electrochemical signal comes from the whole of the disk,
and from the fraction of Pt wire immersed in the electrolyte).

3. Results

As demonstrated by Osawa and co-workers [28,29], ATR-SEIRAS can be used to monitor in
real time the variations in the coverage of CO.s and HCOOp; associated to galvanostatic
oscillations during the electrooxidation of formic acid on Pt. A typical series of spectra acquired
simultaneously with a galvanostatic chronopotentiogram showing typical potential oscillations is

shown in Figure 1, and are in good agreement with the literature [29]:
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Figure 1. Representative series of ATR-SEIRA spectra recorded simultaneously to the chronopotentiogram of a Pt
electrode in 0.3 M K,SO4 + 0.1 M H2SO4 + 0.4 M HCOOH at 0.15 mA cm. The spectrum at 390 s (red line) is

representative for the other spectra. Time interval between spectra: 20 s.

Figure 2 shows the time evolution of the electrode potential in 0.3 M K2SO4 + 0.1 M H2SO4 +
0.4 M HCOOH at a constant current density of 0.15 mA c¢cm?, alongside the evolution of the
stretching frequency of linearly-bonded CO (COvr) and the integrated intensities of the COL and
HCOOp;i bands (Ico and Iucoo, respectively) in simultaneously recorded ATR-SEIRA spectra. The
frequency of the COL band, which oscillates in phase with the electrode potential, was used to
ensure good synchronization between the electrochemical and spectroscopic parts of the

experiments.
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Fig. 2 Potential oscillation pattern for a current density of 0.15 mA cm applied to a Pt film deposited on a Si prism
(a), stretching frequency of the COr band (b), and integrated band intensities of COr (c) and HCOOy; (d) obtained
from a simultaneously recorded series of ATR-SEIRA spectra. The electrolyte was a 0.3 M K»SO4 + 0.1 M H,SO4 +
0.4 M HCOOH solution. The panel on the right is an expanded view of the oscillation between 820 and 850 s. The

background spectrum was recorded at 0.10 V in the absence of formic acid.

Similar experiments at current densities of 0.27 and 0.35 mA cm™ are shown in the Supporting
Information (Figures S1 and S2). Please note that /hcoo can be assumed to be proportional to the
coverage of HCOOwi (Gucoo) [10], while Ico has been shown to be proportional to the COaq
coverage (6co) at sufficiently low coverages [41,42]. It is also worth noting that at the positive
limit of the potential oscillations (around 0.90 V) barely no CO.q is left on polycrystalline Pt during

the oxidation of formic acid [9], and that even a saturated CO adlayer will be oxidized within a

fraction of a second at that potential, under potentiostatic or voltammetric conditions [42].



However, under the far-from-equilibrium conditions required for oscillatory behavior to emerge,
COa.q 1s always present on the surface, even at the most positive potential in the oxidation spike
(Fig. S3).

Figs. 2, S1 and S2 show that both I/co and Incoo (and, hence, 6co and Gucoo) oscillate
synchronously with the potential, in good agreement with previous work [28,29]. Also in
agreement with that work, Ico decreases coinciding with the potential spike, while /ucoo increases.
Zooming into the oscillation shows that the onset of the potential spike coincides with the onset of
the decrease of /co, which runs sharply until the positive potential limit of the oscillation is reached
(see Figs. 2(a) and (c) and Fig. S1). Then, the potential starts decreasing slowly, while Ico stops
decreasing (Fig. 2) or also decreases more slowly (Figs. S1 and S2) for a short while, after which
a sudden decrease in the potential is accompanied by a sudden decrease in Ico (see also Figs 2, S1,
S2 and S3). The lowest potential limit of the oscillation coincides with the lowest /co, but while
initially both the potential and /co increase in parallel after reaching the lowest potential limit, /co
stops increasing after some seconds, while the potential continues increasing until the new spike
appears. This behavior is also reflected in the oscillation of the potential and covergae dependent
position of the CO stretching frequency in Fig. 2(b), which perfectly follows the potential profile.
This confirms that the decrease in the COaq coverage must be very small during the short time
interval at the higher potentials (otherwise, th einitial increase in the CO stretching frequency due
to the increase in potential would be offset by the decrease in frequency due to the decrease in
coverage) and then accelerates in the sharp negative potential transient by the end of the oscillation
spike.

Incoo starts increasing coinciding with the positive potential limit of the spike, and keeps on

increasing during the slow decrease in potential that follows, except at the highest current density



applied. In this case, /ncoo reaches fast a higher value, which remains constant for the short time
period at intermediate potential (Fig. S3). Ihcoo starts decreasing coinciding with the sudden
decrease of potential at the end of the oscillation spike, and reaches the value before the oscillation
coinciding with the lowest potential limit of the oscillation (see Figs. 2, S1 and S2).

Even though not directly involved in the reaction, species present in the electrolyte, particularly
specifically adsorbing anions, can interact with the surface, affecting the availability of reaction
sites or even the stability of adsorbed reaction intermediates. In sulfuric acid solutions, sulfate
adsorption on Pt is known to occur in the potential region within which the potential oscillates in
the results shown in Figs. 2, S1, S2 and S3. However, oscillations in the bands corresponding to
adsorbed sulfate are difficult to follow using ATR-SEIRAS, as they appear below 1200 cm™ [43],
close to the lower limit of the spectral range available with our Si prisms (1150 cm™), and,
furthermore, often interfere with a spurious band of silicon oxide around 1100 cm™'. The oxidation
of COayq also requires the previous formation of an oxygenated species on the Pt surface (usually
assumed to be adsorbed OH, OHaq) before CO» can be generated in a Langmuir-Hinshelwood step.
Formation of oxygenated species can result in an upward shift of the non-resonant background
level in ATR-SEIRA spectra, but this typically requires formation of a surface oxide, and ATR-
SEIRAS is essentially insensitive to OHaq. Although UV reflectance is sensitive to changes in the
coverage of OHaq (6on) [36], in sulfuric acid solutions sulfate adsorption dominates the reflectance
of a Pt electrode in the potential range of interest [37]. Accordingly, we resorted to UV reflectance
spectroscopy to monitor oscillations in the coverage by adsorbed sulfate (Guifae) during the

galvanostatic oxidation of formic acid in the oscillatory regime.
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Fig. 3 Potential oscillation pattern for a current of 0.32 mA cm applied to a Pt single-crystal disk immersed in 0.3 M
K>SO4 + 0.1 M H2SO4 + 0.4 M HCOOH (a) and the simultaneously recorded relative change in the reflectance of the
Pt(111) face at A =250 nm (b). The panel on the right is an expanded view of the oscillation between 600 and 700 s.

The inset shows a potential oscillation (black) and the derivative of the synchronous reflectance oscillation (red).

Figure 3 shows the time evolution of the potential of a Pt single-crystal disk immersed in 0.3 M
K2SO4 + 0.1 M H2SO4 + 0.4 M HCOOH at a constant current of 0.32 mA cm™, alongside the
relative changes of the reflectance of the Pt(111) face of the single crystal at A =250 nm. As in the
case of the COL and HCOOy,; vibrational signatures, the change of the surface reflectance is
perfectly synchronized with the potential oscillations. Similar figures at constant currents of 0.67
and 0.80 mA cm are shown in the Supporting Information (Figs. S4 and S5). Although sulfate
adsorption is favoured on (111) terraces over other surface sites [44] and, therefore, will probably

more extensive on Pt(111) than on polycrystalline Pt, preventing a quantitative comparison
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between our ATR-SEIRAS and our UV-reflectance studies, a qualitative comparison can still be
done, and allows a deeper understanding of the potential-dependent coverage of adsorbates during
the oscillating formic acid oxidation.

The difference in the shape of the potential oscillations in Figs. 2 and 3 (and in the corresponding
figures in the Supporting Information) is due to the different electrode and setup in the experiment.
Despite these differences, the oscillation patterns share the same essential features: a period of
slowly rising potential, followed by a faster rise of potential that then levels off, and then a sharp
decrease, after which a new cycle starts. The UV reflectance starts decreasing as soon as the
potential starts increasing in the potential spike. This is best appreciated in the inset to Figure 3,
where the derivative of the reflectance with time has been plotted alongside the potential
oscillation. It can be clearly seen that the derivative of the reflectance remains roughly constant
and close to zero until the onset of the potential spike. The decrease of the UV reflectance slows
down coinciding with the leveling off of the potential increase, and the reflectance reaches a
minimum (i.e., Gwuifae reaches a maximum) coinciding with the maximum potential. Then, the
reflectance starts increasing again.

Interestingly, the rate at which the reflectance increases grows as the potential decreases, and
reaches a maximum between the inflection in the potential transient and the potential maximum,
after which the reflectance keeps on decreasing more slowly until the potential maximum and a
reflectance minium is reached (see inset in Fig. 3). The difference between the maximum and the
minimum reflectance is consistent with previous reports of the decrease of reflectance of a Pt(111)
when the potential increases from ca. 0.40 to 0.80 — 0.90 V [37], if the fact that the change in
reflectance due to adsorption of sulfate and other species on Pt is larger in the UV region than in

the visible is taken into account [38].
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4. Discussion

Combining the data provided by Figures 2 and 3 (and the corresponding figures in the Supporting
Information) we can obtain a more detailed picture of the connection between the potential
oscillations and the oscillations in the coverage of the relevant species, namely, COaq, adsorbed
sulfate and HCOOmono (the latter we will assume to be in equilibrium with HCOOw; [12]), than that
previously obtained from only examining ATR-SEIRAS data [29,30]. Initially, during the long
period preceding an oscillation, the potential is seen to increase slowly, although no change can be
observed in Ico, Incoo (Fig. 2) and R/Rmax (Fig. 3). Although this suggests that &co, Ghicoo and
Bsuifate remain constant during this part of the chronopotentiogram, this cannot be so, as, otherwise,
why would the potential increase at all? We suggest that €co is continuously, albeit very slightly,
increasing during this part of the oscillation, but this is not reflected in /co because the coverage is
already initially high, above the threshold coverage below which Ico depends linearly on Gco.
Please also note that, although dehydration of formic acid to CO.q does not involve any net electron
transfer [13,20], it follows an electrochemical mechanism, and the rate of formation of CO,q will
decrease as the potential increases.

As 6co increases, formic acid oxidation becomes more and more difficult, and the potential
needs to increase significantly in order to sustain the current demanded by the galvanostat.
Eventually, the potential will need to shoot up to allow for OHag nucleation on the surface,
originating the positive potential spike and igniting the oxidation of COaq. Interestingly, the sudden
rise in potential coincides with a sudden decrease (Fig. 2) in Ico (and, therefore, 6co) and a not so
sharp decrease of R/Rmax (Fig. 3), while Incoo remains roughly constant (Fig. 2). This suggests that
the places left free by CO.q are occupied mainly by adsorbed sulfate rather than HCOOpi. The

slower decrease of R/Rmax as compared with Ico is at odds with the observation of a comparable
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decrease and increase in €co, and Gsuifate, respectively during the oxidation of CO in CO-saturated
solutions under similar conditions [37]. Although OH.4, also needs to form on the electrode surface
for the oxidation of COaq to proceed, and although the projected area of sulfate on the electrode
surface is larger than that of COaq4, and therefore more than one CO must be removed from the
surface to allow for the adsorption of one sulfate, this cannot explain the differences between this
work and ref. [37]. However, while only adsorbed CO, sulfate and adsorbed oxygenated species
can compete for adsorption sites in ref. [37], here formate (both HCOOy,; detected by IR and the
more weakly adsorbed reactive intermediate, which must certainly be present on the surface, as
the reaction is continuously sustained during the galvanostatic experiment) is also competing for
any adsorption site left free, which will necessarily affect the rate at which the sulphate coverage
increases.

Immediately after the sudden positive potential spike and the concomitant sudden decrease of
Ico, the change of both magnitudes slows down, while /ucoo starts increasing (Fig. 2) and the
decrease of R/Rmax accelerates (Fig. 3). This suggests that after the initial sharp decrease in 6o,
adsorbed sulfate and HCOOp; outcompete OHaq for the adsorption sites left free by COag. The
decrease in Gco also results in a decrease of the rate at which CQOaq is oxidized, as this reaction
follows a Langmuir-Hinshelwood mechanism the rate of which will be given by the product
between Gco and Gon. Both Gucoo and Gsuifate Teach a maximum coinciding with the maximum in
potential.

Eventually, 6co will be low enough for the mobility of CO.q on the surface to increase
considerably and diffuse faster to those sites where OHaq is available [45—47], generating a sharp
decrease in Gco and in the potential (Fig. 1), as the catalytic poison is removed and the reaction

can proceed again through the direct path at a sufficient rate to maintain the demanded current. It
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is worth noting that the sharp decrease in potential coincides with a decrease in /ncoo and an
increase in R/Rmax (i.e., a decrease in both Ghcoo and Guuirate). This is to be expected, as both species
are specifically adsorbed anions, whose adsorption is favored at more positive potentials. Gicoo
does not change further after the potential minimum (Fig. 2), while R/Rmax continues increasing
(Fig. 3). The latter suggests the gradual displacement of adsorbed sulfate by COaq4, which has been
shown to generate from adsorbed formate and to require a minimum atomic ensemble of three
contiguous atoms [13,20,48]. Simulations of the galvanostatic oscillations during formic acid
oxidation on Pt based on a model considering only CO.q and HCOOy; have been shown to
reproduce most of the experimental features [28]. Our results clearly indicate that the model could
be further improved if a more complex network including other surface processes like anion
adsorption is considered, thereby leading to a deeper understanding of non-linear reaction

dynamics.

5. Conclusions

In summary, our results show that potential oscillations during the galvanostatic electro-
oxidation of formic acid are the result of a complex autocatalytic loop, involving not only the
reactive intermediate (HCOOmono) and the catalytic poison (COaq), but also OHag (necessary to
remove COaq) and spectator species (adsorbed sulfate in this case), as well as species connected to

the reaction mechanism but not directly involved in it (namely, HCOOw;).

ASSOCIATED CONTENT

Supporting Information: Figures S1 to S5.
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