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Spatio-temporal interfacial potential patterns during the electrocatalyzed
oxidation of formic acid on Bi-modified Pt

Jaeyoung Lee, Johannes Christoph, Peter Strasser, Markus Eiswirth,a) and Gerhard Ertl
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 28 November 2000; accepted 25 April 2001!

We report experimental observations of the spatio-temporal dynamics in the electro-oxidation of
formic acid on a Pt ring electrode modified by bismuth adatoms. Bismuth modification significantly
enhanced the current density and it was found to considerably increase the existence range of
oscillations and spatio-temporal self-organization. Hidden negative differential resistance and the
existence of a Hopf bifurcation were deduced from the electrochemical impedance spectra and the
occurrence of galvanostatic oscillations. The pattern formation resulted from hybrid effects of the
nonlinear chemistry during formic acid oxidation and the long-range coupling of the interfacial
potential induced by the chosen geometry~ring type! of the working electrode. Reversible
transitions between traveling pulses and oscillating standing waves were observed when the outer
potential or the formic acid concentration near the electrode were used as control parameters.
Experimental results were compared with computer simulations of a reaction-migration system. The
role of electrode inhomogeneities in pattern formation and the transform between patterns were
discussed. ©2001 American Institute of Physics.@DOI: 10.1063/1.1379535#

I. INTRODUCTION

The electrocatalyzed oxidation of small organic mol-
ecules such as formic acid~FA!, formaldehyde, or methanol,
on noble metal electrodes are of interest in connection with
anodic reactions in devices for direct electrochemical energy
conversion~direct C1 fuel cells!.1–7 Common to these reac-
tions is the tendency to self-poisoning of the reactive surface,
mostly by carbon monoxide, and the existence of parallel
reaction channels.

A remarkable feature of these electrocatalytic oxidation
reactions is the tendency for formation of self-organized
spatio-temporal instabilities at higher overpotentials or cur-
rent loads.1,3,8–23Dynamical instabilities in electrochemistry
most frequently arise through the interplay of the outer elec-
trical load line and a sequence of faradaic processes with
nonmonotonous current-potential characteristics.24–27 The
simplest dynamical instability is a coexistence of two~bista-
bility! or more ~multistability! stable stationary operating
points for the same value of an outer system constraint~ap-
plied outer potential or current!.24,25,27More important in the
present context, however, are nonstationary operation points
in which the measured currents or potentials temporally ex-
hibit sustained periodic behavior, i.e., autonomous electro-
chemical oscillations.26–28

The occurrence of temporally self-organized dynamical
states immediately raises the question of concomitant spatial
instability, that is, spontaneously generated spatial inhomo-
geneities in the catalytic activity. However, since the mea-
sured electrochemical current or potential represent integral
quantities across the interface, the investigation of their rela-
tion to the corresponding spatial distribution of the interfa-
cial potential, that is, the local electrocatalytic activity profile

is of importance for a detailed understanding of electro-
chemical instabilities.

In this work, we present the investigation of spatio-
temporal patterns in the interfacial potentials associated with
the electro-oxidation of formic acid on a Pt electrode modi-
fied by bismuth adatoms. With regard to an earlier study,23 it
is shown that adatom modifications can significantly enhance
the susceptibility of the catalytic interface towards pattern
forming instabilities.29,30 Of primary interest in the depen-
dence of the interfacial potential distribution on system pa-
rameters such as applied potential or mass-transport condi-
tions.

II. EXPERIMENT

A. Electrochemical setup

The principal gas-tight, three-electrode, and one-
compartment arrangement for the measurement of local po-
tential distributions at electrochemical interfaces were used.
The electrochemical cell body consisted of a glass cylinder
capped with a Teflon lid holding all electrodes. A smooth
polycrystalline Pt ring with inner diameter of 34.5 mm and
with outer diameter of 40.5 mm~thickness: 0.1 mm! was
used as working electrode~WE!. The geometric area of the
WE was 7 cm2. A concentric platinized Pt wire ring of 70
mm diameter~1 mm wire thickness! was used as counter
electrode. The tip of the Luggin–Haber capillary hosting a
Hg/Hg2SO4, K2SO4, ~sat’d! reference electrode was placed
in the center of the ring working electrode. Unless stated
otherwise, experiments have been executed in the absence of
magnetic stirring or forced convection~FC! by nitrogen bub-
bling.

To measure the instantaneous local interfacial potentials
on the Pt ring WE, 11 potential microprobes were equispaceda!Electronic mail: eiswirth@fhi-berlin.mpg.de
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~in 30° angle! along the WE; an additional trigger electrode
at the 12 o’clock was not used in this work. Each microprobe
consisted of a glass tube with a microcapillary~inner diam-
eter: ca. 200mm! at one end. The microprobes capped with a
commercial Hg/Hg2SO4 electrode were filled with a 0.5 M
Na2SO4 solution~Merck, p.a.! and mounted one by one into
the Teflon lid followed by careful alignment of all capillary
tips with respect to the Pt ring WE. The distance between
WE and the end of the capillary of microprobes was ca.
100–300mm. The spatial positions along the WE as reported
in the following experimental data are numbered from 1 to
11 and directly correspond to the respective position of one
of the potential probes. All local probe potentials reported
hereafter refer to the instantaneous potential difference be-
tween the WE and the opening of the tip of the respective
microprobe. Neglecting the remaining ohmic potential drop,
the probe signals represent a good approximation to the in-
stantaneous local interfacial potentials of the WE.

A home-built potentiostat/scan generator~Electronic
Lab, Fritz-Haber-Institut der MPG! was used for all cyclic
voltammetry ~CV! and chronoamperometry~CA! experi-
ments and the data was transferred to an IBM compatible PC
controlled by a GPIB interface. Galvanostatic experiments
were performed by means of a bi-potentiostat~EG&G,
Model 366!, which can also be used as galvanostat.

B. Solutions and electrode treatment

All solutions were prepared with ultrapure water~Milli-
pore Milli-Q Water, 18 MV cm!. Prior to the experiment, the
Pt ring WE was first subjected to cleaning with acetone and
pure water in an ultrasonic bath followed by chemical clean-
ing in a mixture of conc. H2SO4 ~Merck, suprapure!: 30%
H2O2 ~1:1!. Then a preliminary check of the voltammetric
curve between2600 mV and1500 mV of the WE was
performed in 0.5 M H2SO4 deaerated by high-purity N2
~99.999%! to verify the absence of any residuals of adatoms.
For all experiments involving formic acid oxidation, a deaer-
ated solution mixture of 0.1 M HCOONa~Merck, p.a!. and
0.033 M H2SO4 was employed as electrolyte. The formic
acid buffer solution has a constant pH value of ca. 2.85 and
has the resistivity of 107V cm. After the experiments, the
WE was treated in conc. HClO4 ~Merck, suprapure! and
conc. HNO3 ~Merck, suprapure! to completely remove bis-
muth adatom residuals.

C. Bismuth modifications

Unlike most other studies of formic acid oxidation on
bismuth modified electrodes, bismuth adatom modifications
of the Pt WE was done through underpotential deposition
~UPD! of bismuth in this experiment. In other words, bis-
muth ions were present in the bulk electrolyte throughout the
entire experiment. A 131023 M Bi31 containing solution
was prepared by dissolution of high-purity bismuth~III ! ox-
ide (Bi2O3, Strem Chemicals Inc., 99.9998%! in 0.5 M
HClO4. Appropriate amounts of the 131023 M Bi31 solu-
tion were added to the electrolyte to obtain final concentra-
tions of Bi31 ranging from 131025 to 131026. After add-
ing bismuth ions and prior to each measurement, the initial

WE potential was kept at its open circuit potential~OCP,
2320 mV vs Hg/Hg2SO4) for 3 min to allow for a stationary
initial bismuth coverage on the Pt electrode.

D. Impedance spectroscopy

Impedance spectra were measured at various constant
outer potentials using a potentiostat & galvanostat~EG&G,
PAR 273A!/log-in amplifier ~NF Circuit design Block Co.,
Frequency response analyzer, Model S-5720! setup attached
to the electrochemical cell described earlier.31,32 The desired
outer applied potentials were adjusted during the anodic vol-
tammetric scan, then the system was allowed to settle to
stationary mass-transport conditions. Between two succes-
sive measurements, the electrode potential was scanned once
between1250 mV and2500 mV to ensure comparable sur-
face conditions. The frequency range investigated reached
from 10 kHz to 0.1 Hz with 25 points per decade.

III. RESULTS

A. Oscillatory formic acid oxidation
on Pt Õbismuth UPD

1. Cyclic voltammetry (CV)

Figure 1 illustrates the effect of bismuth UPD on the
voltammetry of formic acid oxidation on Pt. With the dotted
curve indicating the CV of the unmodified Pt ring electrode,

FIG. 1. Cyclic voltammetry of electrocatalytic oxidation of formic acid on
Pt electrode.~a! Solid line, 131026 M Bi31; dotted line, without Bi31.
Direct comparison of the voltammetric features on bismuth modified Pt in
bulk solution of 0.5 M H2SO410.999 M NaOH with 131026 M Bi31

~pH5ca. 3, dotted line! and the oscillatory formic acid oxidation in 0.1 M
HCOONa/0.033 M H2SO4 with 131026 M Bi31 ~pH52.8, solid line! on
the scale of the real interfacial~double layer! potential. The plots were
obtained after correction for ohmic potential drops across the electrolyte as
determined from impedance measurements at large frequencies. Scan rate is
10 mV/s.
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the solid line in Fig. 1~a! demonstrates a significant enhance-
ment of the catalytic activity by adding 131026 M Bi31 on
the anodic scan. The peak current associated with formic
acid oxidation is significantly higher involving a broad po-
tential range of current oscillations between190 mV and
1240 mV. Though the current tends to be smaller at low
voltage, this result is in good agreement with previous stud-
ies that the current for formic acid oxidation may increase by
up to a factor of 50.33 The oscillatory CV was found to be
reproducible for many successive voltammetric cycles.

The parameter dependence of the current oscillations ex-
hibits the following interesting features. Current oscillations
with high frequency and small amplitude abruptly set in after
an upward current step occurring around the peak maximum
on the positive scan. Immediately after the discontinuous on-
set, the oscillations appear to occur around an unstable sta-
tionary I /U curve of positive slope@Fig. 1~a-I!#. In contrast,
at higher overpotentials, the oscillatory current spikes follow
an I /U profile of negative slope with higher amplitude and
smaller frequency, as shown in Fig. 1~a-II!. The increase of
the concentration of bismuth ion causes the abrupt onset of
oscillatory behavior to shift to smaller outer potentials, and
also leads to a decrease in the stability and the reproducibil-
ity of the oscillatory operating states.

A correlation of oscillatory voltammetry in Fig. 1~a! and
bismuth redox features in Fig. 1~b! in pH 3 solution without
formic acid may offer valuable clues as to the chemical sur-
face processes that occur under oscillatory conditions. How-

ever, a direct comparison of Fig. 1~a! with CV profiles in
pH 3 solution without formic acid on bismuth-UPD Pt@Fig.
1~b!, dotted line! is not possible due to the uncompensated
solution resistance. Thus, corrected for the ohmic potential
drop (IRsolution) the curve plotted as solid line in Fig. 1~b!
refers to the true interfacial potential. In Fig. 1~b!
(131026 M Bi31), one recognizes the current step to occur
near the cathodic onset of the second plateau~II !, which
marks the beginning of Bi oxidation on the surface.

2. Impedance spectroscopy

To analyze the origin of the current oscillations in Fig.
1~a!, impedance spectra were measured for various potentio-
static operation points prior to the onset of periodic instabili-
ties. Nyquist plots at four different applied potentialsU are
shown in Fig. 2. AtU5160 mV andU5170 mV @Figs.
2~a! and 2~b!#, the impedance plotZ(v) qualitatively exhib-
its a clockwise capacitive-inductive loop indicating dynami-
cally stable stationary operating points. At170 mV, the in-
tersection of the impedance plot with the real axis occurs at
higher ohmic resistances compared to Fig. 2~a! suggesting a
gradual blow-up of the Nyquist loop for increasingU. The
impedance plot is drastically changed at180 mV in Fig.
2~c!. Z(v) wraps around the origin counter-clockwise, that
is, there is an intersection between the real axis andZ(v)
whereZ takes on a~negative! purely real value at some finite
frequencyv054 – 6.Z(v) again exhibits positive real resis-

FIG. 2. Impedance behavior of the formic acid oxidation on bismuth modified Pt at various outer potentials in 0.1 M HCOONa/0.033 M H2SO4 with
131026 M Bi31: ~a! 160 mV, ~b! 170 mV, ~c! 180 mV, and~d! 1130 mV.
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tances for very low frequencies and this qualitative shape of
the Nyquist plot in Fig. 2~d! is continuous towards higher
valuesU of 1130 mV.

The detailed shape of the Nyquist plot bears information
on the mechanistic origin of the oscillatory behavior, which
can be used to predict the dynamical stability of oscillatory
systems. The significance of the distinct valuev0 in Fig. 2~c!
where ImZ50 with Re Z,0 becomes clear in Fig. 3. A
galvanostatic scan of the formic acid oxidation, which is
shown in Fig. 3~a! (f/t plot! and Fig. 3~b! (I /f plot!, re-
veals an onset potential of sustained oscillations between
170 mV and180 mV, with an initial oscillation frequency
of 4–6 Hz. As discussed in previous work,26,34,35the critical
potential, where the Nyquist plot blows up such that
ReZ(v0) approaches6 infinity, marks the galvanostatic
transition to periodic behavior, i.e., Hopf bifurcation. The
value ofv0 represents the intrinsic frequency of the oscilla-

tion in the electrocatalytic oxidation of HCOOH on Pt modi-
fied by bismuth.

B. Spatial patterns in the interfacial potential

This section deals with spatio-temporal distributions of
the local electrode potential underlying the oscillatory insta-
bility. Due to negligible solution resistance between potential
microprobe and WE, the local potential essentially reflects
the interfacial electrode potential. For a better understanding
of spatio-temporal pattern formation recorded by the interfa-
cial potential near the WE electrode, we introduce the experi-
mental measurement@Fig. 4~a!# of a typical space–time plot
of the local potential along the Pt ring electrode when con-
stant potential is applied within the oscillatory range of Fig.
1~a!. According toU5IR1f, higher potentials correspond
to low local catalytic activity caused by poisoning, while low
values of interfacial potentials make a large contribution to
the total current due to depoisoning phenomena. Figure 4~a!
shows that a narrow domain of high activity~blue! is con-
tinuously traveling around the otherwise passive ring sur-
face, which is called a traveling activation pulse. A theoreti-
cal simulation of a traveling pulse is shown in Fig. 4~b! ~for
the model used see Refs. 20, 36, and 37 and discussion!.

1. Pattern sequences on the cyclic voltammogram

Figure 5~a! shows the temporal signal of current oscilla-
tions during a cyclic voltammogram with a scan rate of 5
mV/s. The behavior in the time domain reveals a transition
from harmonic large-amplitude oscillations to a complex pat-
tern of smaller peaks. The spatial patterns underlying the
anodic scan of Fig. 5~a! are reported in Figs. 5~b!–5~d!. At
the beginning of oscillations, the potential distribution in Fig.
5~b! clearly represents standing waves~SW!, while traveling

FIG. 3. Onset of sustained potential oscillations~Hopf bifurcation! in the
galvanostatic operation mode with scan rate of 0.05 mA/s.~a! I /f plot, ~b!
f/t plot. Bulk solutions and parameters as in Fig. 2.

FIG. 4. ~Color! Spatio-temporal distribution of the local interfacial potential during current oscillations at constant outer potentialU ~traveling catalytic pulse!.
~a! Experimental measurement~10 times value in mV,U51150 mV, bulk conditions: 0.1 M HCOONa/0.033 M H2SO4 with 131025 M Bi31) and ~b!
theoretical simulation of traveling pulse~for model details see Refs. 36 and 46!.

1488 J. Chem. Phys., Vol. 115, No. 3, 15 July 2001 Lee et al.



pulses prevail at higher overpotentials@Fig. 5~d!#. When re-
versing the anodic scan within a pulse regime, the pulse ve-
locity first becomes more and more inhomogeneous along
the ring. Then, the spatio-temporal dynamics passed through
the transition state, before it comes back to SW. Oscillatory
standing waves~SW! were recently described in the electro-
catalytic oxidation of formic acid on unmodified Pt
electrodes.23 It is characterized by the sustained periodic al-
ternation of an active~low interfacial potentials! and a pas-
sive ~high interfacial potentials! domain in space–time with-
out spatial propagation.

2. Pattern sequences at fixed applied potentials

Figure 6~a! depicts the time–periodic evolution of the
total current when keeping the applied potentialU in the
middle of the oscillatory range on the anodic scan. First, the
time average of the integral current slowly decreases exhib-
iting a complex oscillatory regime of relatively small ampli-
tude. Then, after some time, the shape of the oscillations
suddenly undergoes a distinctive transformation to a period-2
regime with larger amplitude. Figures 6~b!–6~d! show the
corresponding processes in the local electrode potentials. The
initial dynamics represent traveling catalytic pulses as shown
in Fig. 6~b!. At the transition, the pulse stops, giving way to
a dynamic regime resembling oscillatory standing waves
@Fig. 6~c!# which subsequently remain stable for long obser-
vation times@Fig. 6~d!#. @However, these standing waves do
not seem to arise from the same bifurcation as in Fig. 5; most
likely they are caused by propagation failure of pulses due to
surface inhomogeneities.#

Without forced mass transport, high-amplitude current
oscillations at fixedU observed in Fig. 6 usually entail

gradual depletion of dynamical volume species such as the
local concentration of an electroactive species at the elec-
trode. But driven into the mass-transport-limited regime, the
dynamics of the system may significantly be altered. In order
to investigate effects of mass transport on the pattern form-
ing processes, N2 bubbling was applied, as shown in Fig. 7.
Reproducible pattern formation, standing waves~SW!, trav-
eling pulse ~Pulse!, and defect mediated standing waves
~DSW!, are sequentially observed by repetitive restoring of
the original mass-transport conditions, i.e., repeated replen-
ishment of the species near the surface through forced con-

FIG. 5. ~a! Oscillatory current/potential profile during slow anodic scanning.
The change in wave form neart574.5 s indicates changes in the spatial
dynamics.~b!–~d! Spatio-temporal profile of the interfacial potential corre-
sponding to~a!. ~b! Oscillatory standing wave regime,~c! pattern transfor-
mation from SW to Pulse, and~d! traveling catalytic pulses. Scan rate is 5
mV/s and electrolyte is 0.1 M HCOONa/0.033 M H2SO4 with 531027 M
Bi31.

FIG. 6. ~a! Sustained current oscillations at constant applied potentialU. A
qualitative change in the oscillatory wave form~aroundt59 s! indicates
changes in the spatial potential distribution.~b!–~d! Spatio-temporal profile
of the interfacial potential corresponding to the time series~b!–~d! in ~a!. ~b!
Traveling catalytic pulses,~c! propagation failure of pulses, and~d! final
oscillatory standing wave regime most likely due to defects blocking tran-
sition of pulses. Experimental conditions: constantU51152 mV, 0.1 M
HCOONa/0.033 M H2SO4, 131026 M Bi31.

FIG. 7. Effect of forced convection on the current oscillations and the cor-
responding potential patterns at constant outer potential. Experimental con-
ditions as in Fig. 6.@Forced convection~FC!, standing waves~SW!, travel-
ing pulse~Pulse!, defect mediated standing waves~DSW!.#
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vection. Obviously, the important parameter for the observa-
tion of the spatio-temporal patterns is the local concentration
drift of the species near the electrode.

To fully understand the organizing mechanisms of the
transitions between distinct potential patterns~bifurcation!,
aside from controllable parameter~system constraints! such
as bulk concentrations or applied potential, the organizing
role of surface points with slightly varying catalytic proper-
ties ~surface defects! must be considered. While changes in
constraints are sufficient to organize bifurcation when one
pattern becomes unstable in favor of another, defects con-
tinuously act as perturbations and may mediate between two
coexisting stable dynamical states when their perturbing ef-
fect becomes sufficiently strong. Hence, an experimentally
observed bifurcation can be due to the combined effect
of changes in control parameters and the action of defects.
Figure 8 shows a space–time plot of a traveling pulse asso-
ciated with oscillatory currents at fixed potentialU. Ap-
proaching the ring position 2–4 at timet5234– 235 s, the
pulse spontaneously stops short near ring position 3–4, fol-
lowed by a reversal of its direction. Subsequently, the pulse
reversal repeats close to the same locations when approached
from the opposite direction.

Obviously, electrode positions at 2–4 are more difficult
to activate by a passing activation pulse and, therefore, may
constitute a barrier for pulses with sufficiently low ampli-
tude. If this occurs, the dynamic response of the system to
the perturbation by the defect is the spontaneous transition to
the ~ideally equally stable! coexisting traveling pulse in the
opposite direction.

IV. DISCUSSION

Impedance spectroscopy showed that formic acid oxida-
tion in the presence of Bi31 is still an HNDR oscillator~hid-
den negative differential resistance!. The negative resistance
is ~as in the absence of Bi31) due to site blocking by OH
adsorption.20 Adsorbed Bi largely suppresses the formation
of CO on the electrode, which explains the significantly
higher currents. The positive impedance on a slower time

scale may nevertheless still be due to~some! CO formation,
but here increasing Bi coverage at low overpotentials may
also have a site-blocking effect.

The electrocatalyzed oxidation of formic acid on Pt
modified by bismuth spontaneously undergoes transitions be-
tween different dynamic states, from homogeneous catalytic
activity to states characterized by a spatio-temporally inho-
mogeneous distribution of the interfacial electrode potential
~dynamical electrocatalytic potential patterns!. The prevail-
ing space–time patterns observed under the used ring elec-
trode geometry have been oscillatory standing waves23,37 as
well as traveling electrocatalytic pulses, both associated with
sustained oscillations in the total current. The patterns and
the oscillations strongly depend on external control param-
eters such as the concentration of the solution and the ap-
plied potential.

A. Spatio-temporal patterns and the effect
of surface defects

Inhomogeneous distributions of the local potential at the
electrified interface occurred around the maximum of the
oxidation rate. Figure 4~a! experimentally demonstrates, for
the first time, traveling activation pulses in an electrocata-
lytic reaction. In electrochemistry, traveling pulses were so
far reported only during metal dissolution of Ni~Refs. 38
and 39! and Co in acidic media.36,40–42Aside from electro-
chemistry, traveling pulse dynamics can also occur in hetero-
geneous gas-phase catalysis under both isothermal43 and
thermokinetic conditions.44

An activation pulse is a traveling domain of high cata-
lytic activity invading a passive region of the electrode.
Thus, for periodic boundary conditions~ring electrode!, each
location on the WE becomes repeatedly reignited, and thus a
stationary homogeneous deactivation of the entire catalytic
interface is prevented. Ideally, pulses with a fixed domain
size should yield a constant integral current signal for homo-
geneous system parameters. As shown in Figs. 4, 5, and 6,
however, surface inhomogeneities may constantly deform the
pulse along the ring resulting in an oscillatory integral cur-
rent signal. The second interfacial potential pattern prevail-
ing under the parameters chosen is oscillatory standing
waves. These regimes involve spatially and temporally alter-
nating domains of higher and lower activities with two fixed
points of the electrode~nodes! of constant catalytic activity.
Unlike metal dissolution reactions,45 standing waves were
found to be the only ordered pattern in the electrocatalyzed
oxidation of formic acid on pure Pt electrodes.23 The ob-
served correlation between space–time dynamics and exter-
nal system parameters such as concentrations and outer po-
tential of U suggests a convenient strategy to control
interfacial potential distributions in the electrocatalytic pro-
cess in question.

Recently, a reaction-migration formalism introduced by
Christoph36,46 presented a realistic theoretical and numerical
description of pattern formation in electrochemistry. The dis-
tinctive approach of the model allowed the theoretical pre-
diction of inhomogeneous patterns even under complicated
electrode geometry. Assuming the validity of the Laplace
equation within the electrolyte, potential theory leads to an

FIG. 8. Defect-mediated reversal of direction of traveling catalytic pulses at
fixed outer potential~scan rate510 mV/s, 0.1 M HCOONa/0.033 M H2SO4

with 531027 M Bi31).
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integro-differential equation for the description of the evolu-
tion of the interfacial~double layer! potentialf across the
working electrode.23,42 The equation forf consisted of~i!
local faradaic reaction terms describing the detailed chemis-
try of the reaction,~ii ! the local migration currents, and~iii !
an integral term accounting for the spatial migration cou-
pling parallel to the electrified interface. The integral in-
volved a spatial coupling functionH indicating the sign and
strength of the coupling between two different points on the
electrode. The qualitative shape ofH was found to be criti-
cally dependent on the geometry of RE and WE. For the
electrode geometry chosen, a ring type electrode,H revealed
a negative coupling of the interfacial potential between op-
posite points of the ring~negative long-range coupling!,
while adjacent points were coupled positively~positive
short-range coupling!. Negative coupling generally leads to a
desynchronization of the interfacial potential, and therefore
generally increases the tendency of an electrochemical sys-
tem towards the formation of inhomogeneous interfacial pat-
terns. The mechanism used was a generic HNDR oscillator,
including two chemical species, one of which adsorbs at
lower and desorbs at higher potential~giving rise to a posi-
tive differential resistance!; the other adsorbs~desorbs! at
higher ~lower! potential ~causing a negative differential re-
sistance!. The latter is due to site blocking by OH adsorption
in the present experimental system, while the former most
likely corresponds to adsorbed CO and/or Bi.

Figure 9 shows the theoretical model predictions con-
cerning the patterns in the interfacial potentials in depen-
dence of the fixed applied outer potential. The bifurcation
diagram was obtained for parameters and electrode geometry
comparable to the present experiments, that is, under condi-

tions of negative long-range coupling. For an illustrative ex-
planation of the various regimes, a mode picture will be in-
voked. With increasing potential, the homogeneous active
steady state, hom.a., loses stability in favor of the first inho-
mogeneous mode consistent with the periodic boundary con-
ditions of the ring. The space–time amplitudeA of the re-
sulting oscillatory standing waves~SW! is governed by a
term likeA'a(t) sin(2p/L•x), whereL andx are the circum-
ference of the ring electrode and the spatial coordinate along
the ring, respectively. The functiona(t) denotes the time-
dependent amplitude of the standing wave. At higher values
of the applied potentialU, the amplitudea(t) of the active
first mode strongly increases continuously exciting the cor-
responding, phase-shifted cosine mode by means of higher-
mode coupling.46 With one or more sine and cosine terms
suitably superimposed, SW transforms into pulse patterns at
ca.1420, which remain stable up to high values ofU. Since
either pulse direction is equistable in the model calculations,
the resulting pulse direction is entirely determined by the
initial conditions. Transitions between directions may only
be achieved by perturbations~see Fig. 8!. Finally, at highU,
the system jumps to the homogeneous passive steady state.
Reversing the potential scan, Fig. 9 predicts the system to
jump back to traveling pulses. In the simulations the pulse
pattern remains stable up to the transition to the homoge-
neous active steady state. Generally one-dimensional target
patterns can coexist with traveling pulses near the homoge-
neous passive state~hom.p.!, provided the difference in time
scales of the variables is sufficiently large.46 No target pat-
terns are observed in the present experiments, but they have
been reported previously in metal dissolution system.36

While the predicted bifurcation sequence of Fig. 9 on the
anodic scan favorably compare with experimental results in
Fig. 5, the observed spontaneous transition from pulses to
SW on the negative-going scan seems to contradict the
model. However, recall that Fig. 9 represents the behavior of
an ideal reactive system with no spatial inhomogeneities in
the parameters. In contrast, considering the measured pulse
dynamics in Fig. 5, the experimental electrode surface does
exhibit points of varying catalytic activity~surface defects!.
If sufficiently strong, defects may mediate the transition be-
tween coexisting regimes, for instance, in Fig. 8 between
regimes with opposite pulse direction. Scanning in the nega-
tive direction within the pulse regime, the amplitudes of the
individual superimposed modes slowly decrease. At some
critical point, surface defects may be sufficient to suppress
one~or more! of the inhomogeneous modes, for instance, if a
passive defect happens to be near a point of high amplitude.
In the simplest case of a traveling pulse made up by one sine
and cosine mode, suppressing either of them leads to a reap-
pearance of SW.

A similar line of argument can be invoked for the tran-
sition from pulses to DSW in Figs. 6 and 7. In the course of
current oscillations at fixed applied potential, the average
solution concentration of formic acid near the electrode sur-
face,cFA , gradually decreases with time. This amounts to a
constant drift in a control parameter driving the system
slowly towards the stationary passive regime. Near the tran-

FIG. 9. Numerical bifurcation diagram illustrating stable spatio-temporal
patterns of the double layer potential in dependence of the applied potential.
For dynamic regimes that are associated with stationary integral migration
currents~hom.a., hom.p., and Pulses!, I is plotted vsU. In case of patterns
standing wave patterns SW, which are associated with time-periodic cur-
rents, the current minimum and maximum are plotted on they axis ~solid
line, hom.a.5homogeneous active stationary state; hom.p.5homogeneous
passive stationary state; open circles, SW5standing waves; dashed line,
Pulse5traveling pulses!. The diagram was calculated using a dimensionless
HNDR model. Parameters were chosen such that the one-parameter diagram
cut through the oscillatory regime.
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sition, the amplitude of the pulse decreases making it more
susceptible to the influence of surface defects. Finally, de-
fects will give rise to nonrotating patterns, which may appear
very similar to the initial standing waves, but are of different
physical origin and do not arise for the same bifurcation
scenario.

V. CONCLUSIONS

The electrocatalytic oxidation of formic acid on bismuth
modified Pt can be operated at parameters where the local
interfacial potential, and therefore the reaction rate, exhibits
spatio-temporally inhomogeneous distributions. The origin
of the patterns lies in the combined effects of the nonlinear
chemistry involved in formic acid oxidation and the negative
long-range coupling of the interfacial potential due to the
chosen geometry. Due to the sustained periodic reactivation
of certain parts of the catalytic interface, both electrocatalytic
pulses and oscillatory standing waves impede complete ho-
mogeneous deactivation of the catalytic surface. This gener-
ally results in a prolonged catalytic reactivity of the electrode
as compared to stationary operation conditions.
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