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Oscillatory instabilities during formic acid oxidation on Pt(100), Pt(110)
and Pt(111) under potentiostatic control. I. Experimental

P. Strasser,a) M. Lübke, F. Raspel, M. Eiswirth, and G. Ertl
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 16 December 1996; accepted 8 April 1997!

The experimental characterization of the current/outer potential~I /U! behavior during the
electrochemical CO oxidation on Pt~100!, Pt~110! and Pt~111! is used as the first step towards a
thorough investigation of the processes occurring during the electrochemical formic acid oxidation.
The CO study is followed by new cyclovoltammetric results during the electrochemical formic acid
oxidation on the corresponding Pt single crystals. At high concentrations of formic acid, the
cyclovoltammograms revealed a splitting of the large current peak observed on the cathodic sweep
into two peaks whose dependence on scan rate and reverse potential was investigated. It turned out
that the presence of a sufficiently large ohmic resistanceR was crucial for oscillatory instabilities.
Given an appropriate resistance, all three Pt surfaces were found to exhibit current oscillations at
both low and high formic acid concentrations. On Pt~100! stable mixed-mode oscillations were
observed. In addition, the sensitivity of the oscillations to stirring was investigated. Whereas the
period-1 oscillations were found to be independent of stirring, the mixed-mode oscillations
transformed into simple oscillations with stirring. The mechanism giving rise to instability and
oscillations is described. ©1997 American Institute of Physics.@S0021-9606~97!01227-0#

I. INTRODUCTION

The first observation of temporally periodic instabilities
during the electrocatalytic oxidation of formic acid
~HCOOH! dates back almost 70 years.1 Ever since these
early experiments, more and more experimental methods
have been applied to elucidate the oscillatory processes oc-
curring in the system and numerous speculations on the ori-
gin of the instabilities have been put forward.

Instabilities in electrochemical systems can be subdi-
vided into two classes:2 One class includes purely chemical
instabilities, i.e., instabilities which arise from chemical ki-
netics. The electrode potential is not an essential variable for
these kinds of instabilities. The second class of instabilities,
however, requires the interplay of chemical and electrical
variables; they disappear as soon as the electrode potential is
kept constant. We will discuss instabilities of the latter type
only, and give evidence why the first class can be neglected
in the formic acid system.

As for the origin of electrochemical instabilities, Degn3

and De Levie4 were among the first to emphasize the possi-
bly important role of a negative slope in the current/potential
curve ~I/U! as well as a sufficiently large ohmic resistance
R in series with the electrochemical cell. The effect of an
ohmic resistance is as follows: Assuming a constant outer
potentialU given between reference and working electrode
of an electrochemical cell and a currentI flowing through the
system, the ohmic resistanceR causesU to be split into the
potential drop across the double layer, henceforth referred to
asfdl , and into an additional potential drop commonly re-
ferred to as theIR drop. Only the potentialfdl determines
the actual electrochemical processes occurring at the elec-
trode. Recently, Koper revived and extended the early ideas

on electrochemical instabilities;5–8 he pointed out that an
electrochemical system becomes unstable towards small po-
tential perturbations if there exists some potential interval
characterized by a negative differential resistance
ZF5dI/df and a sufficiently large ohmic resistanceR
which fulfills the conditionR.uZFu. According to Koper a
negativeZF can be caused by the ad/desorption of a chemi-
cal activator/inhibitor, a poisonous intermediate or by elec-
trostatic effects between electroactive species and the elec-
trode. The simplest type of instability manifests itself by the
coexistence of two stable stationary states~e.g., current val-
uesI in the case of an electrochemical system! for the same
value of a system parameter~e.g., outer potentialU). Koper
further showed that in the presence of slow mass transport
processes, not only bistability but also oscillatory instabili-
ties can be obtained in electrochemical systems.

Conditions of electrochemical measurements for vanish-
ing ohmic resistanceR are commonly referred to astruly
potentiostatic conditions, sincefdl5U5const. In contrast,
if R is finite,fdl may vary considerably from the fixed outer
potentialU; such conditions are calledpotentiostatic with
fixed outer potentialand are mostly employed in Section II.

Early work on oscillatory instabilities during formic acid
~FA! oxidation was performed on polycrystalline electrodes
of Rh, Pt and Pd under galvanostatic control.1,9,10Finally, an
important step towards an understanding of the relevant
chemical processes was achieved when single crystals, pre-
dominantly Pt, were introduced as working electrodes.11–19

There are only a few studies dealing with oscillations of
the measured current during FA oxidation on low-index Pt
single crystals15–19 under potentiostatic control. These stud-
ies provide similar physicochemical interpretations of the
current oscillations assuming formic acid to be oxidized via a
direct and an indirect reaction path~dual-path mechanism20!.a!Electronic mail:peter@pippi.rz-berlin.mpg.de
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The periodic adsorption and reactive removal of CO by ad-
sorbed oxygen species~possibly combined with periodic
changes in the surface structure17 or the local pH15,16,19! is
identified with the experimental current oscillations. In Refs.
17 and 19, the authors propose an autocatalytic removal of
CO in order to account for the observed instabilities, whereas
Refs. 15 and 16 found the FA oxidation mechanism to con-
tain unstable network features. So, all potentiostatic FA stud-
ies emphasized purely chemical sources of instability,
whereas the role of an ohmic resistanceR was not explicitly
considered.

The potentiostatic studies are in agreement as to the sig-
nificant difference between the single crystal planes, but dif-
fer considerably in the results concerning the role of mass
transport and the local pH. Pt~100! was found to reproduc-
ibly show current oscillations, whereas on Pt~110! and
Pt~111! oscillatory behavior was difficult to obtain.

In the present study, we present new results on current
oscillations during FA oxidation occurring on the three low-
index Pt planes. First, however, we want to look into the
current/potential behavior of the electrochemical CO oxida-
tion ~Section III! which can be considered as a subsystem of
the FA system. In Section IV, we first consider the current/
potential characteristics during formic acid oxidation on
Pt~100!, Pt~110! and Pt~111! at low ohmic resistance before
addressing the complex oscillatory instabilities seen in the
cyclovoltammograms~CVs! at higher ohmic resistances.
Furthermore, we focus on current oscillations and, finally,
report the observed effects when stirring is applied to current
oscillations.

II. EXPERIMENT

All experiments were performed in a conventional three-
compartment electrochemical cell. One compartment con-
tained a Pt wire as counterelectrode; a Hg/Hg2SO4 electrode
served as reference electrode in the second compartment. In
the following, however, all given potentials refer to the stan-
dard calomel electrode~SCE!. The distance between refer-
ence and working electrode was kept small (,3 mm! by
means of a Luggin capillary.16 In the main compartment low-
index Pt single crystals Pt~100!, Pt~110! and Pt~111! (' 0.6
cm2 each! were used as working electrodes. The working
electrode was first dipped into the electrolyte and then pulled
out as far as possible thereby avoiding crystal edge effects.21

The pretreatment of the single crystals was as follows:
First, the single crystals were annealed at 1500 K in a Bun-
sen flame for about 1 min. The crystals were then cooled in
an N2 atmosphere for at least 5 min and rapidly transferred
into the electrochemical cell.22 Flame annealing became nec-
essary whenever the applied sweep potentials reached values
where surface roughening sets in.

All electrolyte solutions~1 M Na2SO4 saturated with
gaseous CO for the CO oxidation experiments and 0.05 M
HCOOH in 1023 M HClO4 and 1 M HCOONa in 0.5 M
H2SO4 for experiments involving formic acid! were prepared
with tridistilled water. H2SO4 and HClO4 ~Merck! were pur-
chased as suprapure chemicals and were used without further

purification. HCOOH, HCOONa, Na2SO4,NaClO4 and
NaOH were employed with p.A. purity. Before each mea-
surement of Section III, first a N2 ~5 N! gas stream was
bubbled through the solution in order to remove dissolved
oxygen. Thereafter, CO~4.7 N! gas was extensively bubbled
through the electrochemical cell to achieve saturation. The
gas stream was maintained during CO oxidation experiments
ensuring a CO atmosphere. The degree of saturation was
monitored by means of the measured current densities. In
order to match the pH conditions of the formic acid experi-
ments, the CO saturated solution was set to pH'2.7 using
sulphuric acid. Before and during the experiments on formic
acid, a N2 gas stream was bubbled through the cell electro-
lyte in order to keep the cell free of air.

Stirring was achieved by means of a magnetic stirrer
sitting on the bottom of the cell. The measurements were
performed at room temperature throughout.

III. ELECTROCHEMICAL CO OXIDATION

There is significant evidence that the electrochemical
formic acid oxidation partially proceeds via a surface poison
which is oxidized by oxygen-containing species forming at
higher double-layer potentials. The poisonous intermediate
was recently identified as CO.23–25 Consequently, the elec-
trochemical CO-oxidation system can be thought of as a
simple submechanism of that of formic acid oxidation. In the
following we report experiments on CO oxidation in solution
of high ionic conductivity~1 M Na2SO4! in order to avoid
any electrochemical instabilities.

Figure 1 shows the scannedI /U curves of the three low-
index Pt single crystals Pt~100!, Pt~110! and Pt~111! for two
different upper limit potentials. All three surfaces are seen to
exhibit two different states for small and high values of the
outer potentialU, respectively: At low potentials ofU, the
surface is poisoned by CO and the current density vanishes,
whereas at higher values ofU oxygen-containing species
deactivate the surface. The blockage of the surface by oxy-
gen species, however, is not complete in the potential range
considered, since a current is observed in the high-potential
state suggesting an ongoing diffusion-limited oxidation of
CO despite oxygen inhibition. Between the two constant cur-
rent plateaus a sharp CO-oxidation peak is visible on the
anodic scan, whereas a smoother transition occurs sweeping
cathodically towards the CO covered state. One immediately
recognizes that the potential range over which the CO poi-
soning occurs on the cathodic scan is shifted towards smaller
values ofU compared to the potential range of CO removal
during the anodic scan. This effect remains even for turning
potentials right past the CO-oxidation peak indicating that it
is not entirely due to irreversible oxide formations. At first
sight, this behavior suggests the coexistence of two values of
I for one given value ofU. In order to doublecheck for such
a coexistence, the CO-oxidation system was subject to gal-
vanostatic conditions: As the current was increased in small
increments from zero up to the diffusion limiting current of
Fig. 1, no value ofI could be found for whichU decreased
with increasingI ~negativeI /U characteristic!. Such a char-
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acteristic corresponding to the potentiostatically unacces-
sible, unstable steady-state branch is expected in the pres-
ence of a true potentiostatic bistability. Instead, there was an
identical, reversible one-to-one correspondence between cur-
rent valuesI and the outer potentialsU in both scan direc-
tions.

The stationary measurements reveal that theI /U behav-
ior of CO removal coincides under scanned and stationary
conditions, whereas the CO poisoning is shifted to higher
values ofU in the stationary case.

Figure 1 further reveals that the CO oxidation peak does
not coincide for the three single crystals. Instead, the current
I rises at increasingly smaller values ofU on the anodic
sweep going from Pt~100! to Pt~110! and to Pt~111!.

For the sake of comparison, Fig. 2 shows a typicalI /U
behavior of the CO system on a rotating polycrystalline Pt
electrode. Here, the mass transport is much better defined
compared to magnetic stirring. The values of current densi-
ties are higher; however, the overall behavior of the electro-
chemical system is seen to be qualitatively unchanged.

IV. ELECTROCHEMICAL HCOOH OXIDATION

We report cyclovoltammetric measurements on Pt~100!,
Pt~110! and Pt~111!. The cyclovoltammograms are comple-
mented by measurements of the temporal evolution of the
currentI for a constant potentialU. Except for the upcoming

section on stirring effects, all CVs and current oscillations
were measured without stirring the electrolyte.

A. I/U characteristics at low ohmic resistances

Figure 3 shows the CVs of the three single crystal sur-
faces at a scan rate of 10 mV/s in a solution of high ion
conductivity, i.e., almost vanishing ohmic resistanceR.

One recognizes the typical current-potential characteris-
tics of self-poisoning oxidation reactions of small organic
compounds.16,18,19,23Starting at low values of the outer po-
tentialU, Pt~100! and Pt~110! show a very similar behavior:
a high degree of poisoning of the surface in the potential
region 0.2–0.5 V results in a low current density. The small
peak observed in this region will be referred to as peak I.20,26

At higher values ofU ~0.55–0.6 V!, adsorption with oxygen

FIG. 1. Experimental cyclovoltammograms~CVs! of the CO oxidation at
Pt~100!, Pt~110! and Pt~111! single crystal surfaces. The dashed curve
shows the cathodic backscan obtained with a lower turning potential. Elec-
trolyte: 1 M Na2SO4, pH 2.7, saturated with CO, scan rate 10 mV/s, mag-
netic stirring.

FIG. 2. ~a! Experimental CVs of the CO oxidation and~b! the OH adsorp-
tion and desorption on a rotating disk electrode~Pt poly! with stirring of
3000 rpm, scan rate 20 mV/s. Electrolyte: 1 M Na2SO4, pH 2.7; saturated
with CO ~a!, saturated with N2 ~b!.

FIG. 3. I /U characteristics for the oxidation of FA on the three Pt single
crystal surfaces. Electrolyte: 1 M HCOONa1 0.5 M H2SO4, pH 2.6 ,
without stirring. Solid curve: scanned with 10 mV/s, dashed curve: station-
ary behavior.
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species~OH! starts leading to an activation of the surface by
oxidation of the poisoning species. The current increases
considerably. In the following, this current peak will be re-
ferred to as peak II.26 Further increase ofU up to 0.8–0.9 V
leads back to a deactivated surface due to the coverage of
oxygen species. Note that the current density does not de-
crease back to the values where it started when the surface
was poisoned. Instead, the current stays at around 1 mA/
cm2 indicating an incomplete inhibition of formic acid oxi-
dation by the OH coverage. At considerably higher values of
U, a third anodic peak~peak III! occurs20,27which, however,
will not be considered in this study since the potential sweep
was reversed as soon as the surface had been deactivated past
peak II.

On the reversed scan of Pt~100! and Pt~110!, the surface
gets reactivated very rapidly as soon as the OH species des-
orb ~0.6–0.5 V!. Now, the surface is almost free of poisoning
species and the oxidation of formic acid proceeds in an un-
hindered manner which leads to a large current peak referred
to as peak IV. Scanning to more negative potential, however,
the CV reveals another current peak around 0.25 V for both
Pt~100! and Pt~110! ~referred to as peak V!. Whereas on
Pt~100! peak IV is smaller than peak V, the reverse holds for
Pt~110!, where peak V appears as a shoulder of peak IV.

In contrast to Pt~100! and Pt~110!, Pt~111! shows a dis-
tinct peak I and a small split peak II. Furthermore, on the
cathodic scan there is no separation between peaks IV and V.
Instead, both peaks merge into one broad current peak.

Further investigation of the characteristics of peaks IV
and V revealed a complex dependence of both peaks on the
scan rate and the anodic limit potential: Figs. 4~a! and 4~b!
show the dependence of peak IV and peak V on the upper
limit potential. The negative portion of theI /U curve of the
pure electrolyte without formic acid is shown in Fig. 4~c! to
compare the potential regions of peak IV and V and the
potential at which the deposited~ir! reversible surface oxides
are reduced. The experiments suggest a strong increase of
peak IV with the upper turning potential~going from dotted,
dashed to solid! on both surfaces@on Pt~110! even more
drastic than on Pt~100!#. The effect of the turning potential
on peak V, however, differs significantly on Pt~100! and
Pt~110!: Whereas an increase in turning potential leads to a
small decrease of the shoulderlike peak V on Pt~110!, it re-
sults in a moderate increase of peak V on Pt~100!. Figure
4~c! again confirms that peak IV occurs at values ofU,
where the rate of desorption/reduction of OH reaches its
maximum.

On Pt~100! as well as on Pt~110!, peak IV was found to
increase at higher sweep rates; peak V, however, remained
unchanged on Pt~110!, but increased on Pt~100!.

Looking at the CVs of Figs. 4 and 3 one might be
tempted to conclude from the different current densities dur-
ing the anodic and cathodic scan that there is a bistability
somewhere in the considered potential interval. The station-
ary I /U curves, however,~dotted line in Fig. 3! reveal the
kinetic nature of the differences in current densities. If one
stops the potential sweep on peak IV, for instance, the cur-
rent eventually decreases down to the dotted line. For each

value ofU there exists exactly one value ofI . Thus, in agree-
ment with what has been pointed out in Sec. I there is no
electrochemical instability present in the system for a small
value ofR.

B. Instabilities at high values of R

In Sec. I, a general argument has been given in order to
explain the instability occurring at sufficiently high values of
R. Figure 5 illustrates this idea schematically for the CV of
Pt~100! given in Fig. 3~c! and provides a qualitative expla-
nation of the observed shapes of the CV. In Fig. 5~a!, the CV
of Pt~100! is shown without an additional external series
resistanceRex . IncreasingRex and correcting the CV by the
value of theIR drop results in the distortion of the original
CV as can be seen by the dotted line in Figs. 5~b! and 5~c!.
Note that the dottedI2U curve is not entirely accessible,
i.e., does not correspond to a real CV. Instead, the solid line
in Figs. 5~b! and 5~c! schematically sketches out the CV that

FIG. 4. I /U curves of the FA oxidation~a! and~b!, and OH desorption~c!
at Pt~110! and Pt~100!. Electrolyte: 1 M HCOONa1 0.5 M H2SO4, pH 2.6
~a! and ~b!, 1 M Na2SO4, pH 2.6. The scan~20 mV/s! was reversed at
different anodic potentials as indicated by the arrows.
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one would measure during a cathodic and anodic potential
scan if no oscillatory instabilities were present. Scanning an-
odically, one can see that peak II becomes strongly asym-
metric; at the turning point the current falls off abruptly to
low values. On the reversed scan in Fig. 5~c!, the current
remains low even beyond the potential at which the current
fell off from peak II. At even lower potential the current
increases again abruptly and follows the dotted curve down
to low values ofU. Thus, bistability is generated with a
sufficiently large external resistance.

Figure 6 shows the measuredI2U curves for the three
single crystal surfaces at a concentration of 0.05 M HCOOH
in 1023 M HClO4. In accordance with the previous para-
graph, all CVs are distorted towards slightly higher values of
U as compared to the curves of Fig. 3. For Pt~100! high
current spikes occur on the cathodic scan, whereas Pt~110!
exhibits high frequency spikes on peak II. Pt~111!, in con-
trast, does not show any spiking.

In order to determine whether the ohmic resistance of
the electrolyte is crucial for the observed instabilities, the

I2U characteristics of Pt~100! @Fig. 6~c!# were monitored
for decreasing values ofR. The decrease ofR was achieved
by the successive addition of NaClO4. In Fig. 7~a!, one
clearly sees how the current spikes disappear as the ohmic
resistance is decreased. After the addition of 1.631021 M
NaClO4 the CV of Pt~100! equals the one shown in Fig. 3~c!.
Conversely, in Fig. 7~b! it is shown that starting with a CV
of Pt~100! similar to that given in Fig. 3~c! and increasing
the ohmic resistanceR by adding an external resistorRex one
induces the current spikes which indicate instability. It can
be concluded that the observed instabilities require a suffi-
ciently large ohmic resistanceR.

C. Current oscillations at fixed values of U
1. Low HCOOH concentration

Unless stated otherwise, the bulk electrolyte used in the
following contained 0.05 M HCOOH and 1023 M HClO4.

FIG. 5. Effect of an increasing external ohmic resistanceRex on an experi-
mental CV of the FA oxidation reaction measured in solution of high ionic
conductivity and withRex50,U'f. ~a! shows the experimental CV on
Pt~100! in 1 M HCOONa, 0.5 M H2SO4, scan rate 10 mV/s~see Fig. 3!. ~b!
and ~c! display the calculatedI /U curves according toU5f1IR for
Rex5100 V andRex5200 V, respectively as dashed curves. The experi-
mental CVs expected in the presence of an external ohmic resistance@cases
~b! and~c!# are shown by the solid curves. It is seen that some parts of the
dashed curve are not accessible experimentally. Furthermore, the generation
of a hysteresis~bistability! is observed in the solid scanned curves at a
sufficiently high value ofRex .

FIG. 6. CVs of FA oxidation on the three Pt single crystal surfaces at low
concentrations of FA and of the bulk electrolyte: 0.05 M HCOOH, 1023 M
HClO4, scan rate 10 mV/s.

FIG. 7. ~a! CVs of FA oxidation on Pt~100! for increasing ionic conductiv-
ity of the bulk electrolyte in the absence of any external resistance. Initial
bulk solution: 0.05 M HCOOH, 1023 M HClO4. Increase in conductivity is
achieved by addition of different amounts of NaClO4. Scan rate 10 mV/s
throughout.~b! CVs of FA oxidation on Pt~100! for increasing external
ohmic resistances. Bulk solution: 1 M HCOONa, 1 M HCOOH, pH 3.0.
Scan rate 10 mV/s throughout.
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During most measurements an additional external resistor
Rex was used in series with the electrochemical cell.

Pt(100). Figure 8~a! depicts the measured CV with
Rex5600 V. On the cathodic scan there are the current
spikes as in Fig. 6, but now there are also current spikes
visible on peak II indicating a regime of current oscillations.
A small region of bistability is discernible between the po-
tential of reactivation on the cathodic scan and the potential
of oxygen blocking past peak II. To check a possible corre-
spondence of the oscillatory potential range of both scan
directions, the anodic scan was stopped at different potentials
on the ascending flank of peak II. In fact, stable relaxational
current oscillations were finally obtained where a smooth
curve has been obtained when scanning. Figure 8~b! directly
contrasts the wave forms of the current oscillations obtained
when holding the potential in the anodic and the cathodic
scan. The qualitative agreement of the oscillatory wave
forms is clearly seen. The oscillations are characterized by a
gradual increase of the current density followed by a very
rapid decrease due to the poisoning reaction. Furthermore,
the oscillations at higher values ofU are more relaxational
and of larger amplitude than those at lower values ofU
indicating a Hopf bifurcation at low values ofU.

Pt(110). In Fig. 9~a! a CV of the~110! surface is given
with Rex580 V. The anodic scan is drawn as a solid line,
whereas for the sake of clarity the reverse is shown as a
dashed line. Similar to Fig. 6~b!, there is a potential region
on peak II where high-frequency current spikes occur. No

current spikes are seen on the cathodic scan. Fixing the po-
tential inside the current spike region, leads to transient cur-
rent oscillations as given in Fig. 9~b! for U5704 and
U5725 mV. The lifetime of the oscillations is about 1 min.
Thereafter, the current remains low due to high OH cover-
age. Looking at the wave form of the oscillations, one rec-
ognizes a delayed current decrease, i.e., a slower poisoning
process as compared to Pt~100!, but a very rapid increase in
current density.

Pt(111). In contrast to the CV given in Fig. 6~a!, the CV
shown in Fig. 10~a! was recorded withRex5430V. Several
broad current spikes can be seen on the ascending flank of
peak II. No spikes could be observed on the cathodic scan.
Here, the hysteresis of the transition between a predomi-
nantly CO-covered surface and a predominantly oxygen-
covered surface is very pronounced. Stopping the anodic
scan at 965 mV, transient current oscillations evolved even-
tually falling off peak II as shown in Fig. 10~b!. Note the
extremely long poisoning process leading to a slow decrease
of the current density followed by the very rapid increase in
the current due to the removal of the poison. In Fig. 10~a!,
near the edge of peak II, where theI2U curve abruptly falls
off, some high-frequency small-amplitude spikes are also
discernible in the observed CV. Similar spiking is observed
during the time series of Fig. 10~b!. For longer observation

FIG. 8. ~a! CV of FA oxidation on Pt~100! with external resistance
Rex5600 V at low FA concentration. Bulk solution: 0.05 M HCOOH,
1023 M HClO4. Scan rate 5 mV/s. Sharp current spikes appear on both the
anodic and the cathodic scan indicating oscillatory behavior of the current.
~b! Current oscillations after holding the scan at different potentialsU. From
left to right, the first three times series were obtained when stopping on the
anodic scan, the remaining two ones when stopping on the cathodic scan.

FIG. 9. ~a! CV of FA oxidation on Pt~110! with external resistance
Rex580 V at low FA concentration. Bulk solution: 0.05 M HCOOH,
1023 M HClO4. Scan rate 5 mV/s. Sharp current spikes appear on the
anodic scan only.~b! Current oscillations when the scan was stopped at 704
and 725 mV.
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times, however, this phenomenon seems to disappear as seen
for the second portion of the time series in Fig. 10~b!. It
should be added that, especially for low HCOOH concentra-
tions, oscillations on Pt~111! are comparatively difficult to
obtain as has been stated by various authors.16,17

2. High HCOOH concentration

In addition to the current oscillations found on the low-
index single crystal surfaces at low concentration, dynamical
instabilities were also observed for considerably higher bulk
concentration of HCOOH. The following experiments were
performed in a supporting electrolyte containing 1 M
HCOONa and 0.5 M H2SO4.

Pt(100). For Rex5390 V the ~100! surface exhibits a
rich variety of oscillatory states. Figure 11~a! displays the
measured CV at 5 mV/s. Unlike the CV at low concentra-
tion, there is a broad potential region of visible large-
amplitude current spikes on the cathodic flank of peak II.
Looking at this region more closely further reveals that small
high-frequency spikes appear between the large spikes which
suggests the presence of mixed-mode oscillations. Stationary
measurements of the current at different fixed potentialsU
confirmed the conjecture: Fig. 11~b! shows — for the first
time to our knowledge — potentiostatic mixed-mode oscil-
lations ~MMOs! during the oxidation of formic acid.

For U below 1 V, the MMOs consist of a large current
spike followed by a number of small-amplitude peaks~there
are at least 14 small peaks atU50.913 V!. As U is further
increased, the number of small spikes decreases until at

U51.2 V the system exhibits period-1 oscillations. At no
parameter value ofU did the dynamics resemble that close to
a homoclinic orbit. In addition, no quasiperiodic regimes be-
tween two mixed-mode states could be identified. Instead,
aperiodic mixed-mode regimes were found to exist in very
narrow potential regions between two successive mixed-
mode states.

Pt(110). At high concentration of HCOOH, both the
I2U characteristics and the shape of the transient current
oscillations on the~110! surface were found to be very simi-
lar to what is shown in Fig. 9. Therefore, these results are not
reported in detail.

Pt(111). Figure 12~a! displays the high-concentration
CV obtained with 220V on the ~111! surface. The anodic
potential sweep reveals regular large-amplitude current
spikes on peak II. As with the low HCOOH concentration,
no current spikes were observed in the reversed potential
scan ~except for very small scan rates!. For U50.870 V,
regular current oscillations were observed@Fig. 12~b!# which
considerably decreased in period length during the stationary
measurement. As for their wave form, the oscillations are
relaxation-type oscillations; as seen on Pt~100!, this type of
oscillation is characterized by the presence of different time
scales on which the underlying chemical processes evolve.

FIG. 10. ~a! CV of FA oxidation on Pt~111! with external resistance
Rex5430 V at low FA concentration. Bulk solution: 0.05 M HCOOH,
1023 M HClO4. Scan rate 5 mV/s. Broad current oscillations appear on the
anodic scan only.~b! Current oscillations when the scan was stopped at 965
mV.

FIG. 11. ~a! CV of FA oxidation on Pt~100! with external resistance
Rex5390V at high FA concentration. Bulk solution: 1 M HCOONa, 0.5 M
H2SO4. Scan rate 5 mV/s. Small and large current spikes appear on the
anodic scan only.~b! Mixed-mode oscillations at different constant poten-
tials U.
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The extremely rapid increase in current density is followed
by an initially slow poisoning process which accelerates con-
siderably for decreasing current densities. As found in Fig.
10~b!, the oscillation period on Pt~111! was found to be
much larger than for the other two surfaces. When the scan
was stopped immediately past the reactivation of the surface
while scanning cathodically, stable oscillations were found
after a comparatively long transient. This shows that — simi-
lar to Pt~100! — oscillatory behavior is present in both scans,
but is suppressed due to kinetic reasons.

D. Bifurcation behavior

In dynamical systems theory, parameter regions of dis-
tinct dynamics are conveniently shown in bifurcation dia-
grams. Varying a system parameter~called constraint for ex-
ternally adjustable parameters! a bifurcation is said to occur
if the behavior of a dynamical system changes qualitatively.
Figure 13 shows such an experimental bifurcation diagram
of the dynamics of the Pt~100! surface for a very low scan
rate of the potential~5 mV/s!. It should be noted that due to
the finite potential sweep rate, Fig. 13 does not constitute a
stationary bifurcation diagram as usually used in nonlinear
dynamics. On the axes the two major constraints, the normal-
ized external resistanceRex•A ~just denoted asRA in the
figure! and the applied outer potentialU, are plotted. The
normalized resistanceRA was chosen to be independent of
individual electrode geometries. In Fig. 13, for a given value
of RA, the minimal and maximal potentialU at which cur-
rent spikes were observed in the CV are indicated as solid
lines regardless whether they were observed during the an-

odic or cathodic scan. Thus, for fixed parameter values of
U andRA between the two solid lines, current oscillations
can be observed. The dotted line indicates the rapid increase
in current in the cathodic scan, corresponding to the regen-
eration of vacant surface sites by desorption of OH. Since the
bifurcation diagram was recorded at low HCOOH concentra-
tions, even without external resistance current oscillations
occur.

E. Stirring effects on oscillations

In the following, the influence of stirring on current os-
cillations will be investigated. Figure 14~a! displays the ob-
served effect of stirring on period 1 oscillation on the~100!
surface at low HCOOH concentration. When stirring is
turned on, the current oscillations remain stable, but change
their shape. When stirring is stopped again, the current os-
cillations relax back to a shape similar to the initial one. In

FIG. 12. ~a! CV of FA oxidation on Pt~111! with external resistance
Rex5220V at high FA concentration. Bulk solution: 1 M HCOONa, 0.5 M
H2SO4 . Scan rate 5 mV/s. Broad current oscillations appear on the anodic
scan only.~b! Current oscillations when the scan was stopped at 870 mV.

FIG. 13. Experimentally measured bifurcation diagram for Pt~100! in 0.05
M HCOOH, 1023 M HClO4. The lower and upper solid line denote the
low-potential and high-potential transition points between stable current be-
havior and sustained current oscillations, respectively, as found when scan-
ning with 5 mV/s. The dashed line displays the locations where the abrupt
transition from low to high values of the current occurs when scanning
cathodically.

FIG. 14. Stirring effects on sustained period-1 oscillations~a! on Pt~100! in
0.05 M HCOOH, 1023 M HClO4, with Rex5600V atU5817 mV, ~b! on
Pt~111! in 0.05 M HCOOH, 1023 M HClO4, with Rex5700 V at
U51070 mV. The period-1 oscillations survive when the stirring is
switched on.
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Fig. 14~b!, current oscillations on the~111! surface were sub-
jected to stirring. As can be seen, stirring results in an initial
phase delay of the oscillation period. Similar to Pt~100!, the
oscillations remain stable without considerable change of
their wave form.

In Fig. 15 the effect of stirring on stable mixed-mode
oscillations was investigated on the Pt~100! surface. Mixed-
mode oscillations@see Fig. 11~b!# are subjected to stirring
after 42 s~vertical line in Fig. 15!. First, the mixed-mode
character of the current oscillations vanishes by the disap-
pearance of the small-amplitude peaks. Thereafter, the period
1 oscillations change their shape; the poisoning process be-
comes considerably delayed. About 80 s after starting the
stirring, the distorted period 1 oscillations are suppressed
completely for about 400 s. Finally, period 1 oscillations
return which resemble those observed at low HCOOH con-
centration under stirring. The final period 1 oscillations are
of a larger period compared to the initial mixed-mode oscil-
lations. In order to rule out a simple parameter shift of the
region of mixed-mode oscillations we investigated the sys-
tem dynamics under stirred conditions for a variety of poten-
tialsU and of HCOOH concentrations. Mixed-mode oscilla-
tions, however, were never found with stirred electrolyte.

V. DISCUSSION AND MECHANISTIC
CONSIDERATIONS

A. Role of the ohmic resistance R

In the previous section, we have reported a systematic
investigation of dynamical instabilities occurring during for-
mic acid oxidation on the three single crystal surfaces
Pt~100!, Pt~110! and Pt~111!. We first emphasized the strong
relation between electrochemical instabilities and the overall
ohmic resistanceR given by the sum of the ohmic resistance
of the bulk solution and an externally applied resistance
Rex . Unfortunately, the important role of the ohmic resis-
tanceR and, accordingly, the role of the ionic concentration
of the bulk solution were sometimes neglected in previous
potentiostatic studies.15–17,28 Figures 7~a! and 7~b! clearly
show that it is the ohmic resistanceR which accounts for the
occurrence of electrochemical instabilities manifesting them-
selves in the case of formic acid not only by bistability, but
due to appropriate slow chemical processes as sharp periodic

current spikes@Figs. 6,7~a!, and 7~b!#. The study further re-
vealed that by application of an external ohmic resistance,
new additional dynamic regimes are observable in the sys-
tem. Moreover, we found that an external series resistor con-
tributed considerably to the stability and reproducibility of
the observed dynamics. This is seen by the well reproducible
current oscillations on Pt~110! and Pt~111! as well as the
potentiostatic mixed-mode regimes on Pt~100!.

B. The CO-oxidation system

The electrochemical oxidation of CO can be considered
as a simplified subsystem of the formic acid oxidation sys-
tem involving similar surface oxidation reactions of the sur-
face poison, but differing in the source of the poison. There-
fore, the investigation of the CO oxidation can provide
valuable information on the reactivity of CO with oxygen
containing species on the three Pt single crystals.

Although the scanned CVs~Fig. 1! suggest the presence
of a bistability in the system, the quasistationary~Fig. 1! and
galvanostatic measurements indicate that the hysteresis is
merely due to a slow CO adsorption process. If at all, true
bistability only occurs in the absence of stirring.

An important conclusion from the foregoing discussion
is that the CO oxidation system appears to be monostable for
each single crystal. Consequently, a truly potentiostatic, i.e.,
purely chemical, instability — although feasible — seems
not to be present. This result rules out certain suggestions as
to the source of the instability of the formic acid system
which has been put forward by different authors.9,29–32

From the relative position of the CO removal peaks of
the three surfaces, we further conclude that the CO poisoning
of the surface becomes less pronounced in the order Pt~100!,
Pt~110! to Pt~111!. A very dense monolayer of CO on
Pt~100! obviously offers few bare sites for oxygen species to
adsorb in contrast to Pt~111! where oxidation starts at
smallerU.

The finite oxidation current at high values ofU indicates
that the surface predominantly covered with OH allows for
CO to be adsorbed and oxidized~asymmetric inhibition33!.

C. A simple mechanism for the formic acid system

Most studies agree on the fact that formic acid oxidation
proceeds via a dual path mechanism first proposed by Capon
and Parsons.20 According to these authors, the initial adsorp-
tion of formic acid is followed by the formation of a reactive
intermediate~presumably•COOH! which is immediately
oxidated further to CO2, the final product. The reaction steps
can be formulated as

HCOOH~aq!
HCOOHad , ~1!

HCOOHad→COOHad1H11e2, ~2!

COOHad→CO21H11e2, ~3!

thereby assuming the oxidation of hydrogen radicals to be
very fast. The rate of reaction~2! is certainly lower than that
of reaction~3! since radical species are involved, but may be
of comparable size to the adsorption reaction~1! depending

FIG. 15. Stirring effect on mixed-mode oscillations on Pt~100! in 1 M
HCOONa, 0.5 M H2SO4 with Rex5280V atU5984 mV. The mixed-mode
oscillations are seen to be first quenched by stirring; after a transient,
period-1 oscillations evolve.
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on the diffusion thickness, the concentration of HCOOH and
the number of available free surface sites. The reaction path
given by reactions~2! and ~3! is usually referred to as the
direct path of formic acid oxidation. It is important to note
that it is this reaction path which provides the necessary cur-
rent density to account for the measured current peaks.

The dual path mechanism20 furthermore postulates a par-
allel reaction path to CO2 via an intermediate which blocks
the surface and impedes further adsorption of HCOOH. The
nature of this poisoning species has long been the subject of
intensive speculations.24,34–37Recentin situ IR spectrometry,
however, gave cause for the belief that the dominating poi-
soning species is CO.23–25In the present study, we follow the
most recent results and assume COad to be the only poison
involved.17 The poisoning reaction is assumed to follow the
simple scheme

HCOOHad→COad1H2O. ~4!

At higher potential, COad is assumed to be removed
through a surface reaction with adsorbed OH stemming from
the oxidation of water molecules:

H2O
OHad1H11e2, ~5!

OHad1COad→CO21H11e2. ~6!

Reactions~4!–~6! are usually referred to as the indirect path
of formic acid oxidation. Several authors9,29–32assumed the
kinetics of reaction~6! to involve an additional free surface
site in order to account for an autocatalytic feedback, which
in turn may cause a kinetic instability. In view of our results
of the previous paragraph, however, we consider any addi-
tional kinetic assumption as irrelevant to the origin of oscil-
latory instabilities in the formic acid system. Again, we fol-
low a simple mechanism and at this point neglect any further
oxygen species such as PtO,PtO2 or PtO~O!20,38,39and sub-
surface hydroxide and oxygen40 which were postulated to
occur at double layer potentialsfdl.1.0 V. This simplifica-
tion for the interpretation of oscillations can be justified as
follows: Correcting the observed current oscillations by the
IR drop as given in Section III one obtains the ‘‘real’’ po-
tential oscillations across the double layerfdl . One finds
that all current oscillations at fixedU observed in this study
correspond to oscillations offdl in the range of 0.1–0.7 V.

As mentioned in Section I, a region of negative differ-
ential resistance~NDR! is generally required for instability.
Using the chemical reactions given above the occurrence of
the NDR can now be made plausible. Whereas the direct
oxidation path@reactions~1!, ~2!, and ~3!# shows a global
positive potential characteristic, i.e., an increasing reaction
rate as the applied potential is increased~positive slope of
the I /U curve!, the combination of the direct path and reac-
tion ~5! leads to an N-shapedI2U curve showing a region
of NDR ~negative slope!. This is due to the OH poisoning of
the surface which decreases the number of free sites avail-
able for the direct oxidation path.

With the chemical~pseudo!reactions given above a plau-
sible simple model is obtained which should, in principle, be
able to qualitatively account for the occurrence of oscillatory

instabilities. We now turn to a more detailed discussion of
the current peaks observed in the CV and try to come up
with a plausible interpretation in terms of the chemical reac-
tion steps of the simple model.

D. Peak I and II

For20.1 V,U,0.5 V, i.e., the potential range of peak
I, the residual number of free surface sites determines the
rate of the direct oxidation path and simultaneously the mea-
sured current density on all three surfaces. For values of
U.0.5 V, OH is adsorbed on the surface@reaction~5!# re-
generating an increasing number of free surface sites via re-
action~6!. Thus, the rate of the direct path increases consid-
erably. AsU increases further, all poisoning CO is removed,
and the surface becomes blocked by the OH species. This
scenario is believed to equally hold for all three surfaces
during the anodic scan. Figure 3, however, shows pro-
nounced discrepancies between the surfaces during cathodic
sweeping which can be made plausible as follows: Pt~111!
exhibits a lower affinity towards CO thus showing incom-
plete poisoning by CO19,41,42 ~see also the results on CO
oxidation!. In contrast, Pt~100! was found to be completely
blocked by the poisoning species.19,41,42Furthermore, the di-
rect path was also found to proceed faster on Pt~100! than on
Pt~111!.42 This structural difference leads to a vanishing
peak I, but to a pronounced peak II for Pt~100!. The reverse,
however, holds true for Pt~111!. Pt~110! appears to behave
similarly towards Pt~100!. It should be noted that the CV of
Pt~111! in Fig. 3~a! differs from those measured in previous
studies18,19 in that the current density of peak IV/V in the
cathodic scan was found to be much larger than that of peak
I in the anodic scan.

E. Peaks IV and V

In Section IV, we have shown the splitting of the large
current peak on the cathodic scan of Pt~100! and Pt~110! into
peaks IV and V and mentioned results on the dependence of
these peaks on the scan rate and anodic reverse potential. By
means of our simple model mechanism, we interpret the
rapid current increase during the cathodic scan as the very
rapid regeneration of a large number of free surface sites
resulting in a high rate of the direct oxidation path. AsU
decreases, the surface becomes more and more poisoned by
CO via reaction~4! until the current density vanishes. This
qualitative interpretation is equally valid for all three sur-
faces and therefore does not account for the structural effects
leading to the two distinct peaks IV and V. It is obviously
necessary to reconsider possible additional reaction steps
which are consistent with our experimental findings.

The dependence of peak IV on the upper limit potential
shows a relationship between the amount of deposited oxy-
gen species and peak IV. Compared to adsorption, the de-
sorption of the oxygen species requires a smaller potential.
Consequently, there is an overlap of the potential regions
where the surface oxygen species are still present, yet where
formic acid restarts to deposit on bare sites. From this, it is
plausible to identify peak IV with the reaction of re-adsorbed
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HCOOH and reactive surface oxides which remained on the
surface. We therefore consider an additional chemical reac-
tion step such as

HCOOHad1Pt2OH→H2O1CO21Pt1H11e2 ~7!

to be involved in the chemical processes occurring at peak
IV. The experimental finding that peak IV increases with
increasing scan rate is consistent with the assumption that at
least a part of the charge transfer involves preadsorbed spe-
cies. Peak V almost coincides with peak I in potential sug-
gesting its origin to be the direct oxidation path as discussed
for peak I @reactions~2! and ~3!#.

It follows that peak IV originates in the oxidation of FA
in the presence of adsorbed oxygen species, whereas peak V
stems from the direct FA oxidation while at the same time
the surface becomes slowly poisoned by CO.

1. Oscillatory instabilities

We have shown oscillatory behavior of the current den-
sity on the three low-index Pt single crystals at both low and
high HCOOH concentrations. In general, current oscillations
at high HCOOH concentration proved to be more stable and
better reproducible than at low concentrations.

On the basis of the experimental results, the occurrence
of the current oscillations can be described in physicochemi-
cal terms as follows: For an appropriate constant outer po-
tentialU and a sufficiently large ohmic resistanceR, the total
current densityI based on the direct oxidation path decreases
due to CO poisoning of the active surface. Therefore, the
initially low double layer potentialfdl5U2IR increases
leading to the adsorption of OH. Due to OHad even more
sites are blocked, which in turn lowers the current, increases
fdl , enhances OH formation and leads to an overshooting of
fdl on a fast time scale. Then, the reactive removal of CO
~indirect path! sets in, regenerating vacant surface sites. This
results in an increase ofI and, due to the electrical relation
given above, in a decrease offdl until all OH has desorbed
and the slow CO poisoning process resumes.

In Section IV, it was shown that the oscillatory potential
range as well as the wave form of the current oscillations
were very similar on both the cathodic and the anodic scan.
This suggests that the oscillations on either scan are caused
by the same instability. However, why is it that oscillatory
spikes are visible over a broad potential range on the ca-
thodic scan, but hardly appear on the anodic scan? The rea-
son must be sought in the different initial conditions that
hold when the double layer potential enters the unstable po-
tential range. On the anodic scan, the surface is almost com-
pletely blocked by CO. Therefore, the CO coverage is too
high for sustained oscillations to occur. Scanning anodically,
a slow removal of CO by adsorbed OH occurs on the ca-
thodic flank of peak II. Still, the transient behavior of the
current, i.e., the time until the coverages of CO and OH
necessary for oscillations are reached, is long compared to
the time the system needs to leave the oscillatory potential
range at the chosen sweep rate. Thus, no current spikes are
seen scanning in the anodic direction. On the reversed scan,

however, a large number of free surface sites is rapidly re-
generated after the first OH desorption peak. Since on
Pt~100! the rate of poisoning is high,19,41,42the time to reach
the CO coverage necessary for oscillations is short compared
to the time the system spends in the oscillatory potential
region. Consequently, sharp current spikes are visible.

On Pt~111!, the rate of poisoning~process 4! is compara-
tively slow19,41,42 leading to the characteristic oscillatory
wave form shown in Figs. 10~b! and 12~b!. The low affinity
of Pt~111! towards CO can also be used to explain the ab-
sence of current spikes on the cathodic scan@see Figs. 10~a!
and 12~a!#. The reasoning is similar to that discussed for
Pt~100!: As soon as the surface becomes reactivated@at
U50.9 V in Fig. 10~a!, at U50.95 V in Fig. 12~a!#, the
double layer potential is too low for oscillations to occur due
to the highIR drop. Now, the transient time until the CO
coverage has reached the threshold value necessary for cur-
rent oscillations is long compared to the time the systems
spends in the oscillatory potential region. Further evidence in
favor of this interpretation is provided by the experimental
finding that current oscillations eventually evolve if the ca-
thodic sweep is stopped after reactivation. Compared to
Pt~100!, current oscillations on Pt~111! are in general less
stable and show transient behavior over a considerable po-
tential range ending up on the OH-poisoned state. In general,
the presence and absence of current spikes depends on the
relative rate of scanning and induction of oscillations.

The findings on Pt~110! @Fig. 9~a!# best allow a conclu-
sion on the type of bifurcations that leads to oscillatory in-
stabilities. At the lower limit of the oscillatory potential re-
gion (U50.68 V!, oscillations emerge with very small
amplitude and high frequency suggesting a Hopf bifurcation
as conjectured in the case of Pt~100!. At the upper limit,
however, the relaxation oscillations disappeared at finite am-
plitude and long period. From nonlinear dynamics it is well
known that this is typical for a saddle-loop bifurcation. Simi-
lar to Pt~111! at low HCOOH concentration, the oscillations
are transient and die on the low current branch.

At higher HCOOH concentrations, the~100! surface was
found to exhibit a sequence of mixed-mode oscillations
~MMOs! characterized by large current spikes followed by
an increasing number of small high-frequency spikes for
lower values of the applied potentialU. This is — to our
knowledge — the first observation of MMOs during formic
acid oxidation under potentiostatic control. Previous work on
formic acid dealing with MMOs focused mainly on galvano-
static conditions.30–32

From the experimental findings it would be daring to
settle the question of what type of bifurcation scenario leads
to the formation of mixed-mode oscillations. We can, how-
ever, certainly assume an additional negative feedback vari-
able~chemical species! to be crucial to the dynamics which,
together with the negative and the positive feedback in-
volved in the period-1 oscillations, gives rise to two interact-
ing oscillators and consequently to mixed-mode oscillations.
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2. Stirring effects

Regardless of the orientation of the single crystal sur-
faces, period-1 oscillations during formic acid oxidation
were found to survive while stirring. This is in agreement
with early work on polycrystalline Pd,9 but in contrast to
recent results on Pt~100!,16 where stirring was found to sup-
press sustained oscillations. On Pt~100!, the oscillatory wave
form proved sensitive towards stirring in that it became less
relaxational; the emerging oscillatory wave form resembled
that which was found if, under unstirred conditions, one
scanned to smaller potentialsU. Thus, the set of chemical
species essential to the oscillatory period-1 instability seems
not to include any solution species as, at higher stirring rates,
the solution species near the double layer become either
quenched to their bulk concentration due to rapid mass trans-
port or are rapidly removed from the surface.

From the global disappearance of mixed-mode oscilla-
tions on Pt~100! when subject to stirring, we can conclude
that the set of chemical species essential for the occurrence
of the small-amplitude spikes does involve at least one solu-
tion species. In view of the foregoing discussion on the ori-
gin of the MMOs we could identify this solution species as a
candidate for an additional~negative-feedback! species es-
sential for the dynamics of MMOs, but nonessential for
period-1 oscillations. Under stirred conditions this solution
species is not available as a dynamical variable so that only
period-1 oscillations remain. The long transient before stable
oscillations return is presumably the consequence of slowly
reestablishing concentration conditions near the double layer
necessary for oscillations.
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