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1. Introduction

Both natural and manmade systems are subject to slowly vary-
ing parameters that cause the system to drift within its phase
space. Living beings inexorably start experiencing a declining
process from the moment of birth, so that all physiological
rhythms undergo a natural drift caused by aging. Artificial
chemical oscillators are also subject to drift, even when kept
open by the inflow of fresh chemicals and the continuous re-
moval of products and unreacted species. Such changes are
typically due to some experimental imperfection, such as the
softening of the tubing used in a peristaltic pump. In some
electrochemical systems, e.g. , the catalytic oxidation of small
organic molecules on platinum, accumulation of a surface-
blocking species causes a slow drift in the phase space, which
culminates with the destruction of the limit cycle and of the
oscillatory behavior.[1] In all these cases, the spontaneous drift
causes a variation in the system’s dynamics, which occurs on
a considerably slower time-scale than that of the intrinsic or
core oscillator.

In terms of mechanism, the coupling between the two dis-
parate time-scales in electrochemical systems can be explained
as follows: In each oscillatory cycle, the surface becomes pois-
oned by one or more adsorbates and is autonomously cleaned
as the process starts anew. During these fast oscillations,
a small amount of surface-blocking species remains after each
cycle. Consequently, the surface population is not restored to
its original composition after a complete cycle. The continuous
accumulation of adsorbed poisoning species results in a long-
term surface deactivation that will ultimately cause the oscilla-
tion to cease, even if all controllable parameters are held con-
stant. This process was first described by Neher et al.[2] as
a pure surface process and later discussed by Okamoto and
co-workers,[3–6] in the context of the electro-oxidation of small
organic molecules on platinum. The stability of electrochemical
oscillators that undergo irreversible loss[7–12] or gain[13, 14] of
mass is generally not limited by surface processes, but rather
depends also on mass transport, among other factors. On the
other hand, in typical electrocatalytic reactions, surface pro-
cesses are pivotal. We have investigated this problem[1, 15–19]

with the aid of auxiliary experimental techniques[15, 19] and de-
veloped an empirical method to stabilize transient oscilla-
tions.[1, 17] The occurrence of uncontrollable changes in the os-
cillations’ features severely restricts the application of electro-
chemical oscillators in devices such as fuel cells[20–25] and actua-
tors,[26] mainly because the systems are in general not reliable
in the sense that they oscillate only for a limited number of
cycles.

To circumvent this limitation, we have rationally designed
a surface that significantly retards the surface degradation.
We tested the surface with the oscillatory electro-oxidation of
formic acid, a well-studied reaction, on platinum.[27–32] Follow-
ing our earlier results using Pt3Sn surfaces,[33] we present here
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a time-scale considerably slower than that of the intrinsic oscil-
lator. A ubiquitous example is the inexorable aging process ex-
perienced by all living systems. Typical electrocatalytic reac-
tions under oscillatory conditions oscillate for only a few dozen
stable cycles due to slow surface poisoning that ultimately re-
sults in destruction of the limit cycle. We report the observa-
tion of unprecedented long-lasting temporal oscillations in the

electro-oxidation of formic acid on an ordered intermetallic
PtSn phase. The introduction of Sn substantially increases the
catalytic activity and retards the irreversible surface oxidation,
which results in the stabilization of more than 2200 oscillatory
cycles in about 40 h; a 30–40-fold stabilization with respect to
the behavior of pure Pt surfaces. The dynamics were modeled
and numerical simulations point to the surface processes un-
derlying the high stability.

[a] N. Perini, Dr. B. C. Batista, Prof. H. Varela
Institute of Chemistry of S¼o Carlos
University of S¼o Paulo
P.O. Box 780 ,13560-970, S¼o Carlos, SP (Brazil)
E-mail : varela@iqsc.usp.br

[b] Prof. A. C. D. Angelo
Electrocatalysis Laboratory, UNESP
CP 473, CEP 17033-360, Bauru, SP (Brazil)

[c] Prof. I. R. Epstein
Department of Chemistry and Volen Center for Complex Systems
MS 015, Brandeis University
Waltham, Massachusetts 02454-9110, (USA)

[d] Prof. H. Varela
Fritz Haber Institute of the Max Planck Society
Department of Physical Chemistry
Faradayweg 4–6, 14195 Berlin (Germany)

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2014, 15, 1753 – 1760 1753

CHEMPHYSCHEM
ARTICLES



results for the oscillatory electro-oxidation of formic acid on an
ordered intermetallic PtSn phase. We support our experimental
findings with modeling and numerical simulations that explain
the surface reactions that underlie the superior stability of the
modified surface and give rise to unprecedented long-lasting
potential oscillations.

Experimental Section

Details of the preparation and characterization of the intermetallic
PtSn electrode are given by Pinto et al.[34] A cylindrical piece of the
PtSn electrode was embedded in an epoxy resin with an exposed
geometrical area of 0.32 cm2. A flag-shaped platinum electrode
was used for comparison. The electroactive areas were estimated
by CO stripping, and are about 0.36 cm2 for PtSn and 0.34 cm2 for
Pt. This active area characterizes the accessible surface platinum
atoms. All current densities reported here are given with respect to
this electroactive area, and all potentials are quoted versus the re-
versible hydrogen electrode (RHE). All solutions were prepared
with high purity water (system Millipore Milli-Q, 18.2 MW cm�1), sul-
furic acid (J. T. Baker, 98 %), and formic acid (Fluka, 98 %). Experi-
ments were performed with stagnant electrode and electrolyte
and additional experimental details can be found elsewhere.[33]

Prior to each experiment, the cell was purged with argon (White
Martins, 99.998 %) for at least 20 min, and an argon atmosphere
was maintained over the electrolyte during all experiments. Before
each experiment, the PtSn alloy was polished with 2000 and 4000
paper grad and then with 9-, 6-, and 3-mm diamond paste. After
that, the electrode was cleaned in an ultrasonic bath by immersion
in 5.0 mol L�1 NaOH solution for 30 s, briefly dipped in 5.0 mol L�1

H2SO4 solution, and finally immersed in pure water for 10 min. The
voltammetric profile of the electrode was characteristic of a clean
surface, even in the first sweep after immersion at a controlled po-
tential of 0.07 V. The electrode was cycled 50 times at 0.05 V s�1

from 0.05– 0.5 V in 0.1 mol L�1 H2SO4 prior to each experiment.

Electrochemical experiments were carried out with potentiostatic/
galvanostatic AutoLab (PGSTAT 302N), equipped with a scangen
module, for galvanostatic and cyclic voltammetry, and a Solartron
1286 for stripping analysis. High-performance liquid chromatogra-
phy (HPLC, Shimadzu) was used to analyze samples before and
after the chronopotentiometric procedure. The column used was
an Aminex HPX 87-H (Bio-Rad), and dilute sulfuric acid
(3.33 mmol L�1) was used as the eluent. The temperature of the
column was maintained at 40 8C in a column oven (CTO-20A), and
formic acid was detected with a refractive index detector (RID-10A)
and an UV detector SPD-20A set at 210 nm.

2. Results and Discussion

2.1 Experiments

Figure 1 shows linear sweep profiles for Pt and PtSn surfaces in
the base electrolyte (aqueous H2SO4 solution) and after addi-
tion of formic acid. The higher activity of the PtSn surface
toward formic acid electro-oxidation is clearly seen by the con-
siderably larger currents attained over the whole potential
window and, more importantly, by the early onset of
oxidation.

The modification of platinum surfaces to enhance the elec-
tro-oxidation of formic acid and other small organic molecules

is a well-established procedure.[35–46] Examples of such modifi-
cation include the use of bimetallic PtSn, PtBi and PtRu sys-
tems, electrodeposition, and irreversibly adsorbed non-noble
metals on Pt surfaces, among others. The second metal gener-
ally helps to accelerate the oxidation reaction by a combination
of mechanisms. The addition of tin affects the geometric and
electronic properties of the surface. The formation of oxygen-
ated species at lower potentials on tin sites substantially assists
the oxidation of carbonaceous residues via the so-called bi-
functional effect, see below. In this respect, the use of ordered
intermetallic phases can be advantageous in creating controlla-
ble conditions for synthesis and in promoting chemical and
structural stability.[47, 48]

Figure 2 shows the effect of the applied current on the oscil-
latory electro-oxidation of formic acid on PtSn intermetallic
phases. These time series were recorded in a single experi-
ment, with the same PtSn surface. The time interval monitored
was about 1 h, sufficient to achieve a stable oscillatory pattern.
Before each chronopotentiometric measurement the electrode
surface was conditioned with ten cycles up to 0.50 V. This pro-
tocol resulted in quite reproducible time series. Simple period-
ic, remarkably stable oscillations prevail over the entire range
of applied current and are significantly different from those
found on Pt under comparable conditions. In particular, most
of the oscillatory cycle is spent near the upper potential limit,
whereas on unmodified platinum surfaces the system resides
mainly at low potentials. The oscillations reported here for
PtSn resemble those found at intermediate currents for
Pt3Sn.[33] The oscillatory dynamics on PtSn and Pt surfaces are
discussed further below in terms of the oscillations’ waveform,
amplitude, and frequency.

As anticipated, a key effect that results from the presence of
tin is the higher stability of the oscillations. At j =
0.28 mA cm�2, oscillations persist for more than 40 h and about
2200 cycles. The duration and number of oscillations generally
decreases with the applied current. At the lower limit of the
applied current, oscillations also die out after some time.

Figure 1. Linear sweep profiles (0.05 V s�1) for PtSn and Pt electrodes in
0.5 mol L�1 H2SO4 aqueous solution and after addition of formic acid to a con-
centration of 0.5 mol L�1. Currents obtained in the base electrolyte were mul-
tiplied by a factor of three for visualization purposes.
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Although the conditions were not exhaustively optimized, the
2200 cycles are unparalleled. Under comparable conditions, os-
cillations in this system typically last 50–60 cycles on pure plat-
inum and about 300 cycles (�12 h) on Pt3Sn electrodes.[33]

Figure 3 shows the evolution of these long-lasting oscillations.
We present the results as several intervals from the time-series
(Figure 3 a) and the reconstructed attractor, (Figure 3 b).
Figure 3 c displays the time evolution of the oscillation
frequency.

As observed for the effect of applied current in Figure 2,
period 1 oscillations dominate the dynamics, and only a small
change in the waveform is observed, namely a slow trend
toward higher potential over time. In terms of the oscillatory
amplitude, the main feature is indeed the increase towards
high potential, as evident in Figure 3 b. The growth of the po-
tential window visited in time is in agreement with previous
investigations in acidic media.[1, 15, 17, 18] Figure 3 c shows how
the oscillator frequency decreases with time. As further de-
tailed below, the galvanostatic electro-oxidation of formic acid
on platinum also results in a frequency decrease in time.
In spite of the mechanistic similarities, the period 1 oscillations
found in the electro-oxidation of methanol on platinum are
only slightly affected by drift.[1, 19, 49] All the features caused by
the spontaneous drift resemble those associated with an in-
crease of the applied current. Indeed, as observed in a seminal
paper, Tributsch and co-workers[2] noted a “striking phenom-
enological similarity between time-transient and current-transi-
ent”, and suggested that the spontaneous drift in time is
equivalent to that in a galvanodynamic regime. Furthermore,
the authors described the slowly varying parameter as time-de-
pendent inhomogeneous surface passivation, which leads to
an increase in the local current density.[2] The authors further
attributed the drift to a surface phenomenon, rather than to
transport or other bulk effects. This conclusion was supported
by Okamoto et al.[3–6] in the context of the electro-oxidation of
small organic molecules on platinum.

To assess whether significant amounts of formic acid are
consumed during the long-lasting oscillations, we measured
the concentration of formic acid by high-performance liquid
chromatography (HPLC). Two samples were taken per experi-

ment, before and after recording
the time series. The decrease in
the concentration of formic acid
was less than 10 %, which, with
the 0.5 mol L�1 concentration
used here, cannot account for
the drift. Therefore, we conclude
that the slowly and spontane-
ously varying parameter is asso-
ciated with surface processes,
rather than with the bulk con-
sumption of formic acid, in line
with previous works that used
shorter oxidation times.[1–6, 15, 17, 18]

After examining the main as-
pects of the oscillatory electro-
oxidation of formic acid on PtSn

surfaces and the key role of the surface in causing the drift, it
becomes clear that the presence of tin significantly slows the
spontaneous drift. Current understanding of the surface
chemistry underlying the slowly varying parameter during the
electro-oxidation of C1–C3 molecules[1, 15, 17, 18, 50, 51] is based on
the continuous accumulation of adsorbed poisoning species,
so that the surface composition does not return to its original
value after each cycle. Specifically in acidic media, this species
was assigned as an oxygenated species (OHad or Oad). The inert-
ness of such species during the oscillatory cycle was attributed
to the so-called place-exchange process, in which the oxygen-
ated species is inserted into the platinum lattice, allowing fur-
ther oxidation. Since the formation of oxygenated species is fa-
cilitated by the presence of tin at the surface, this process
would prevent the electrode from taking on more positive po-
tentials where the site exchange occurs. Based on our previous
findings, namely the increase to about 300 oscillatory cycles
(ca. 12 h), on Pt3Sn electrodes,[33] our quest was to engineer
a surface that reduces the long-term surface poisoning and en-
hances the stability of the potential oscillations. The 2200
cycles observed here for the intermetallic PtSn phase attest
that this goal was achieved. We explore our mechanistic hy-
potheses and test our main arguments using modeling and
numerical simulations.

2.2 Modeling and Numerical Simulations

The following mechanism is based on a model proposed by
Mukouyama et al. ,[52] which incorporates experimental results
using time-resolved surface-enhanced infrared absorption
spectroscopy (SEIRAS).[53–55] The direct pathway proceeds
through a formate intermediate adsorbed on two platinum
sites via the oxygen atoms, Reaction (r1):

HCOOHþ 2 PtÐ Pt2HCOOþ Hþ þ e� ðr1Þ

Oxidation to carbon dioxide requires a further free site and,
as it proceeds, frees up three platinum sites, which provides an
effective autocatalysis to drive the oscillation [Reaction (r2)]:

Figure 2. Time series of formic acid electro-oxidation on PtSn surfaces at different applied currents. Electrolyte:
aqueous solution with [H2SO4] = 0.5 mol L�1 and [HCOOH] = 0.5 mol L�1.
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Pt2HCOOþ Pt! 3 Ptþ CO2 þ Hþ þ e� ðr2Þ

We take formation of adsorbed carbon monoxide to require
two neighboring sites,[46] as assumed by Mukouyama et al.[52]

and given in Reaction (r3):

HCOOHþ 2 Pt! PtCOþ H2Oþ Pt ðr3Þ

Instead of adsorbed water, as in the original model,[52] we
adopt adsorbed OH as the oxygenated species, as shown in
Reaction (r4):

H2Oþ PtÐ PtOHþ Hþ þ e� ðr4Þ

This choice has been made in other studies[56, 57] and, as dis-
cussed below, it does not significantly affect the main results.
The Langmuir–Hinshelwood step of CO2 production is then
Reaction (r5):

PtCOþ PtOH! 2 Ptþ CO2 þ Hþ þ e� ðr5Þ

Steps (r1)–(r5) account for reactions taking place on plati-
num and will be used for comparison in the simulations dis-
cussed below.

Tin in the PtSn electrode expedites OH formation via a step
analogous to, but more facile than, Reaction (r4), namely
Reaction (r6):

H2Oþ SnÐ SnOHþ Hþ þ e� ðr6Þ

A second Langmuir–Hinshelwood reaction step takes place
between adsorbed CO on platinum and OH on tin, in
Reaction (r7):

PtCOþ SnOH! Ptþ Snþ CO2 þ Hþ þ e� ðr7Þ

Reaction (r7) is responsible for the mentioned bifunctional
effect, in which the formation of oxygenated species on Sn
helps the oxidation of carbon monoxide, adsorbed on Pt.
Moreover, the presence of tin is also assumed to influence sev-
eral steps that take place on platinum, as discussed below.

The time evolution of the coverage of formate (qfte), carbon
monoxide qCOL

� �
, and hydroxy species qOHPt

� �
on platinum is

described by Equations (1)–(3):

dqfte=dt ¼ k1q2
nPt
� k�1qfte � k2qfteqnPt

ð1Þ

dqCOL
=dt ¼ k3q2

nPt
� k5qCOL

qOHPt
ð2Þ

dqOHPt
=dt ¼ k4qnPt

� k�4qOHPt
� k5qCOL

qOHPt
ð3Þ

where the ki are effective rate constants that incorporate the
nearly constant concentrations of bulk species (e.g. , k1 =

k1’[HCOOH]). To account for the tin sites on the PtSn surface,
we include the evolution of the OHad coverage according to
steps (r6) and (r7) above and also its influence on the qCOL

cov-
erage, Equations (4) and (5):

dqOHSn
=dt ¼ k6qnSn

� k�6qOHSn
� k7qCOL

qOHSn
ð4Þ

dqCOL
=dt ¼ k3q2

nPt
� k5qCOL

qOHPt
� k7qCOL

qOHSn
ð5Þ

Figure 3. Time evolution of potential oscillations at j = 0.28 mA cm�2 :
a) Time-series, and b) reconstructed 2D attractors using a delay time of
0.96 s. c) Time evolution of the oscillation frequency.
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Equation (5) is identical to Equation (2) for qOHSn
¼ 0. The

charge-balance equation accounting for all steps described
reads as Equation (6):

dU=dt ¼ j=Cdl � Fh=Cdl

�
k1q2

nPt
� k�1qfte þ k2qfteqnPT

þ k4qnPT

�k�4qOHPt
þ k5qCOL

qOHPt
þ k6qnSn

� k�6qOHSn
þ k7qCOL

qOHSn

� ð6Þ

Here U is the potential, j is the applied current density, Cdl is
the double-layer capacitance, F is the Faraday constant (=
96 500 C mol�1), and h is the total number of surface sites per
unit area (= 2.2 � 10�9 mol cm�2, as assumed for a pure, flat
platinum surface). The values of the double-layer capacitance
used were 120 mF cm�2 and 80 mF cm�2, for PtSn and Pt, respec-
tively, as estimated by impedance experiments. The rate of an
electrochemical reaction at potential U in the Butler–Volmer
formalism is given by Equations (7):

ki ¼ k0
i exp ainiF U� E00

i

� �
=RT

� �
ð7aÞ

k�i ¼ k0
�i exp � 1� aið ÞniF U� E00

i

� �
=RT

� �
ð7bÞ

for oxidation [Eq. (7a)] and reduction [Eq. (7b)] processes. For
convenience, we rewrite the rate constants in the form of
Equation (8):[52]

ki ¼ exp½aiðU�EiÞ ð8Þ

where Equation (9):

ai ¼ ainiF=RT and E i ¼ E i
00 þ lnð1=ki

0Þ=ai ð9Þ

Parameters ai and Ei were optimized to match the frequency,
amplitude, and waveform of the oscillations, as well as the po-
tential values and the current range in which the oscillations
are observed. The values obtained, which are used throughout,
are given in Table 1. Most of the values in this table for Pt are

in agreement with those of Mukouyama et al.[52] We attribute
the negative potential dependence of a3 to the faster COad for-
mation and negligible oxidation at lower potentials. Despite
the fact that the Langmuir–Hinshelwood steps involve only
one electron, we find a5 = a7 = 39 V�1, which would be equiva-
lent to two electrons transferred. Therefore, the fact that we
used adsorbed OH [cf. Reactions (r4) and (r6)] instead of ad-

sorbed water, has a minor effect on the overall dynamics when
compared with the original model.[52]

Equations (1)–(6) for the PtSn system, or Equations (1)–(3)
and (6), with qnSn

¼ qOHSn
¼ 0, for the Pt surface were numeri-

cally integrated with the NDSolve method included in the soft-
ware Mathematica 8.0.

Figure 4 compares experimental and simulated potential
time-series for the electro-oxidation of formic acid on Pt and
PtSn surfaces. Overall, there is good qualitative agreement be-
tween experiment and simulation for both surfaces, and all os-
cillatory features (i.e. , amplitude, frequency, and waveform)
found in the experiments are captured by the model. As men-

tioned earlier, the basic model for the electro-oxidation of
formic acid on platinum has previously been validated by ex-
periments[54] and simulations.[52] The good agreement found
here further corroborates the role played by tin sites, as incor-
porated in the model via Reactions (r6) and (r7).

The effect exerted by the applied current on the
mean oscillatory frequency for experiments and sim-
ulations is illustrated in Figure 5. Again, the agree-
ment between experiments and simulations is very
good, particularly considering the wide range of pa-
rameters involved. Despite the small discrepancies
between experimental and simulated current densi-
ties (probably caused by the difficulty in the experi-
mental estimation of the electrode area and capaci-
tance), the absolute frequencies have similar values
and the global trend observed in experiments is re-
produced in simulations.

Increased current results in a higher oscillation frequency,
except for PtSn at very high current, where a slight decrease is
observed. An increase of the oscillation frequency with the dis-
tance from thermodynamic equilibrium is observed for most
applied currents and is in agreement with other electrochemi-
cal studies.[32, 33] Increases in oscillation frequency with flow
rate have also been reported for some systems.[58, 59]

Figure 4. a) Experimental and b) simulated potential time series for formic
acid electro-oxidation on PtSn (black) and Pt (gray) surfaces. Applied cur-
rent = 0.10 mA. Experimental conditions as in Figure 2.

Table 1. Parameters ai [V�1] and Ei [V] used in simulations.

a1 a�1 a2 a3 a4 a�4 a5 a6 a�6 a7

Pt 16.0 �24.0 6.1 �1.0 7.0 �16.0 39.0 – – –
PtSn 11.0 �24.0 4.8 �3.0 7.0 �16.0 39.0 7.0 �16.0 39.0

E1 E�1 E2 E3 E4 E�4 E5 E6 E�6 E7

Pt 0.33 0.33 0.01 0.00 0.68 0.68 0.72 – – –
PtSn 0.12 0.33 0.00 0.00 0.68 0.68 0.72 0.55 0.55 0.60
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Figures 4 and 5 support the validity of our model in describ-
ing the oscillatory electro-oxidation of formic acid on Pt and
on PtSn surfaces. The model provides insight into the surface
chemistry associated with the mitigation of long-term poison-
ing and the concomitant stabilization of potential oscillations.
Figure 6 gives an overview of the simulated profiles for the
species coverages considered in the model and for the elec-
trode potential.

Here we discuss the oscilla-
tions in the population of adsor-
bates on both surfaces. Starting
with the evolution of the CO
coverage, at low currents the
mean values around which it os-
cillates are comparable, but as
the current increases the mean
COad coverage on PtSn decreases
more than on Pt. The coverage
of CO oscillates with larger am-
plitude on PtSn for all currents.
The population of OHad on Pt
sites is almost vanishingly small
on Pt surfaces, and even smaller
on PtSn surfaces. The amplitude
of oscillation of OH coverage on
Sn is large and generally increas-
es with applied current. The in-
teraction between OHad and
COad is quite apparent on the
PtSn surface, where the CO cov-
erage reaches a maximum and
then decreases following the de-
layed maximum attained by
OHad. An identical process occurs
on the Pt electrode, but the
higher CO coverage (and lower
activity) is a consequence of the

formation of oxygenated species on platinum at more positive
potentials, as already discussed. The formate coverage increas-
es with the applied current in both cases, but its amplitude of
oscillation on PtSn surfaces is about twice that on Pt. In agree-
ment with previous experiments[54] and modeling,[52] the cover-
age of adsorbed formate oscillates in near-synchrony with the
electrode potential. On PtSn, however, although the oscilla-
tions in U and [HCOOad] remain in-phase, their waveforms
differ when compared to that on Pt, particularly compared to
the maximum reached by the electrode potential, which coin-
cides with the one attained by OHad on Sn sites. That the cov-
erage of OH and formate are in-phase with the electrode po-
tential is because the formation of these adsorbates involves
electron transfer, see steps (r1), (r4), and (r6). On the other
hand, the formation of adsorbed CO, step (r3), comprises only
dehydration of formic acid. In summary, the occurrence of
water discharge at lower potentials on PtSn surfaces than on
Pt [cf. steps (r4) and (r6) and the corresponding rate parame-
ters in Table 1] dramatically changes the time evolution of all
surface adsorbates. In addition, the higher activity of the PtSn
surface is likely influenced by other effects such as the elec-
tronic one.[60]

Beyond its importance from a fundamental perspective, the
understanding provided here is a step towards the engineer-
ing of surface processes with specific properties. Some exam-
ples of possible applications include the conversion of chemi-
cal into electric energy and chemical into mechanical energy.
An example of the former is the use of self-organized electro-

Figure 5. Mean frequency for the stable part of the time series, (in the case
of the experimental data) and simulated mean frequency at various current
densities. a) PtSn, and b) Pt. Experimental conditions as in Figure 2.

Figure 6. Simulated evolution of the electrode potential and coverage of adsorbates on PtSn at a) 5, b) 25, c) 50,
and d) 90 mA cm�2, and on Pt at e) 5, f) 25, g) 100, and h) 200 mA cm�2.
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chemical oscillations to improve the performance of polymer-
electrolyte membrane fuel cells.[20–25] Highly stable electro-
chemical oscillators can be also used in systems based on self-
oscillating ionic-polymer–metal composites (IPMC). Engineering
applications of IPMC, including self-oscillating propulsor-
blades, self-regulating drug delivery systems, and biosensors,[26]

will certainly benefit from long-lasting oscillatory systems.
Oscillatory behavior that is maintained over many cycles is

a desirable property in a variety of applications. Unfortunately,
relatively few systems possess this attribute. Kurin-Csçrgei
et al.[61] have suggested an approach to creating periodic oscil-
lation in systems of which the intrinsic dynamics give only
monotonic or steady-state behavior. If a variable in a so-called
core oscillator is able to shift the position of a rapid equilibri-
um in the target system without the core reaction being signif-
icantly perturbed by the interaction, the target species can be
made to oscillate at a frequency close to that of the core oscil-
lator. Long-lasting electrochemical oscillators of the type de-
scribed here might be excellent candidates to serve as core os-
cillators in such systems.

3. Conclusions

Most oscillatory systems are known to gradually drift in phase
space on a time-scale considerably slower than that of the
core oscillator. As far as surface reactions are concerned, typical
electrocatalytic reactions oscillate for only a few dozen stable
cycles, because of an irreversible poisoning process that slowly
destroys the limit cycle. We presented a rationally designed
surface with specific catalytic properties that significantly stabi-
lized the potential oscillations. In particular, we showed unpre-
cedented long-lasting temporal oscillations in the electro-oxi-
dation of formic acid on an intermetallic PtSn ordered phase.
We observed the stabilization of more than 2200 potential os-
cillations in about 40 h, which corresponds to a 30–40-fold sta-
bilization with respect to that on pure Pt surfaces. Results were
discussed with the aid of a model consisting of a set of six
nonlinear, coupled ordinary differential equations. The numeri-
cal simulations successfully explain the surface reactions un-
derlying the superior stability of the modified surface towards
potential oscillations. Generally, the presence of Sn enhances
catalytic activity by providing oxygenated species at lower po-
tentials and retards the irreversible oxidation of platinum,
which causes the drift in the conventional system. Besides its
relevance to our fundamental understanding, the reliability of
the autonomous oscillator further opens perspectives on its
use in applications such as the conversion of chemical energy
into electrical (c.f. low-temperature fuel cells) or mechanical
(c.f. , oscillating ionic polymer–metal composites) energy and
as a driver for other systems without intrinsically oscillatory
dynamics.
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