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Oscillatory instabilities during formic acid oxidation on Pt(100), Pt(110)
and Pt(111) under potentiostatic control. Il. Model calculations

P. Strasser,® 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 2997

A kinetic model is developed for the electrocatalytic oxidation of formic acid on Pt under
potentiostatic control. The model development proceeds stepwise via a simple model of the
electrocatalytic CO oxidation. The full model consists of four coupled, nonlinear ordinary
differential equations. The scanned and stationary current/outer potg¢ftialbehavior, stationary
current oscillations, two-parameter bifurcation diagrams and stirring effects are simulated using
realistic model parameters. The numerical findings are found to be consistent with the experimental
results given by Strasset al. The model reproduces period-1 as well as mixed-mode oscillations.
Furthermore, a mechanistic analysis of the model was performed: two suboscillators are identified
whose characteristics allow a plausible interpretation of the observed dynamics. After a
classification of the suboscillators into previously described categories, an attempt is made to
identify the minimal mechanistic requirements for electrochemical current oscillations.993
American Institute of Physic§S0021-96007)01327-5

I. INTRODUCTION rence of instabilities, simple oscillations and mixed-mode os-

In a previous paper,an experimental investigation of cillations are discussed in Section V.
the electrocatalytic formic acid oxidation reaction on
P#100), P(110 and P(l'll).under potentiostatic control was Il. A MODEL FOR THE ELECTROCHEMICAL CO
reported. Current oscillations were observed on all thre%XIDATION
single crystals. As source of the instability, we proposed the
crucial role of the interplay of both electrical quantities, i.e.,  Based on recent resuft®;" there now exists agreement
the double layer potentiab and the current densitly, and  on the crucial involvement of CO as a poisoning intermedi-
chemical quantities such as the concentrations of the electrate in the indirect oxidation path of the electrochemical for-
active species. We also gave a descriptive interpretation ahic acid(FA) oxidation: Under conditions where oscillations
how we consider the sustained current oscillations to ariseaccur during FA oxidation, the poisoning of the catalytic
Here we present a detailed numerical study of a kinetisurface by CO adsorption leads to an increase of the double
model in order to test our mechanistic hypotheses. layer potential¢y, which in turn results in the formation of
There are several kinetic models of electrocatalytic ossurface hydroxides such as Pt—OH; these species then re-
cillators in the literature which differ significantly in their move the adsorbed CO by oxidation to C0’he CO oxida-
ability to reproduce experimental findings under realistiction therefore constitutes a submechanism of the full FA
conditions® * A first attempt to come up with a kinetic mechanism. So, it is obvious that an experimental and nu-
model for the galvanostatic formic acid oxidation on Pt wasmerical investigation of CO oxidation is useful to gain in-
undertaken by Albahadily and Schell who employed a six-sight into the indirect oxidation path of the FA mechanism.
and seven-variable model. As the source of the instabilityMoreover, once a kinetic model of the CO reaction has been
they proposed a kinetic rate law of the removal reaction of aonstructed, it can be used as a submodel of a model of FA
poisoning intermediatéCO) which was set to be autocata- oxidation.
lytic with respect to the vacant surface sitgacant site re-
quirement. In a more recent study Okamogb al** investi-
gated a three-variable model and reported potential In view of the experimental conditions under which our
oscillations that were similar in shape to those obtained ircurrent/outer potential 1/U) measurements were obtained,
experiments. we assume CO to be reversibly transported by diffusion be-
In the present paper, we will test our hypotheses made itween the bulk solution and the double layer resulting in a
Ref. 1. To this end, we stepwise develop a realistic kinetidime-dependent concentration profile across the diffusion
model for the FA oxidatioriSection I\) starting out with the layer. Denoting the CO concentration in the bulk by
CO oxidation(Section Il and 1) as was done in the previous CO,,« and the concentration of CO just outside the double
experimental study. A detailed numerical analysis of thdayer as CQ, we write the diffusive transport of CO as
model employing conditions close to experiments is given in D
Section V. Finally, the mechanistic reasons for the occur- CO,=CQy. (1)

A. Chemical model

The superscripD suggests the dependence of the rate of this
dElectronic mail:peter@pippi.rz-berlin.mpg.de pseudoreaction on the diffusion constant of @y5. Ad-

J. Chem. Phys. 107 (3), 15 July 1997 0021-9606/97/107(3)/991/13/$10.00 © 1997 American Institute of Physics 991



992 Strasser, Eiswirth, and Ertl: Formic acid oxidation of Pt. Il

sorption and desorption of CO on the catalytic surface is
taken care of by the potential independent scheme §

COy+*=CO04q, (2 COdl a

where * symbolizes a vacant surface site. The subsaript
indicates species adsorbed on the surface. It is assumed that
CO is bound linearly to the surface needing one adsorption *
site.
At higher double layer potentialé, a reversible oxida-
tion of water molecules to surface hydroxid@H) sets in
followed by the irreversible formation of higher valent Pt
oxides such as Pt—0. For simplicity and transparency of the
numerical model, however, we consider OH to be the domi- CO OH
nant oxygen species involved in the mechanism and do not
include any of the further oxygen species. Our assumption is
experimentally justified by our attempt to keep the applied
potential well below the region where irreversible formation \
of oxygen species was observed. Thus, our chemical equa-

tion reads CO b

dl
HyO+* =0OHyq+H" +e". 3

The formation of electrons causes the reaction constants
of this reaction to depend explicitly on the double layer po- *
tential ¢.

Finally, CQ,4 and OH,4 are assumed to react in a poten-
tial dependent reaction forming the final product £O

CO,4+OH,o—CO,+2*+e +H". (4) \

CO OH
Note that reactiorn4) is not assumed to involve an additional

free surface site. FIG. 1. (a) Network diagram of the CO oxidation mechanism. £Of, CO

and OH denote CO at the double layer, the vacant surface sites, adsorbed
CO and adsorbed OH, respectively. The arrows indicate the chefpsmi-
doreactions. The total number of barbs and arrows encode the stoichio-
metric coefficient of the respective specié®. Current diagram of unstable

For the purpose of a numerical analysis, the Chemica?teady state subnetyvork .whi'ch is contain_ed in the CO model. This gnstable
. . . . __network leads to bistability in some region of parameter space. Since no

model g'Ven_ a}bove IS.tO be trar.]SIated into a mathe.mat'caglectrical quantity is involved the instability is purely chemical and thus
model describing the time evolution of the concentrations ohumerically observable under truly potentiostatic conditions, i.e., for con-
species essential for the mechanism. The chemical modelanté.
suggests that the concentrations of CO in solution, of £O
and OH,4 have to be included as dynamical variables. The
exact solution of the problem involves the solution of a par-sorbed species such as G&nd OH4 are normalized with
tial differential equatiofPDE) for the concentration gradient respect to the total concentration of surface sifgg,, pro-
of CO across the diffusion layer. Following Koper and viding the dimensionless surface coverafjeof a species
Wolf, '8 however, we avoid solving a PDE for each time as the actual dynamical variable. The measuré#i curves
step. Instead, we truncate this problem by only consideringf the CO oxidation given in Ref. 1Fig. 1 on Pt single
the concentration of CO at the boundary between diffusiorcrystals and Fig. 2 on polycrystalline)Rhdicate an asym-
layer and double layer, in the chemical model denoted asmetric inhibition of CQg4 and OH,4, i.e., the fact that a high
CQy, as dynamical variable and by assuming a linear con€O coverage blocks the adsorption of OH complefsige
centration gradient across a diffusion layer of fixed thicknesshe CV of P{100)], however, that at a high coverage of OH
6 at all times. These assumptions imply an immediate relaxat higher potentiald) there is still a finite CO oxidation
ation to a linear concentration profile, i.e., the steady-stateurrent discernible on top of the current caused by OH ad-
profile, for nonzero net fluxes through the diffusion layer.sorption; obviously, the OH coverage does not completely
We are aware of the fact that under experimental conditionblock all sites allowing for sustained CO adsorption and oxi-
the thicknesss certainly is subject to periodic variations as dation. The asymmetric inhibition is included in our model
the currentl oscillates. Following Ref. 18 we therefore con- by means of an empirical factdr which modifies the hin-
sider 6 to be an average thickness during oscillations. Todrance factor yielding (& 6co— f 0oy) - A value off smaller
complete the kinetic equation of the variable {£OGne hasto than 1 leads to finite CO adsorption rate sites even if
add its removal due to CO adsorption according to ). fo4=1, i.e., has reached its saturation value.
Note that throughout this paper surface concentrations of ad- The final equation for CQ then reads

B. Mathematical model

J. Chem. Phys., Vol. 107, No. 3, 15 July 1997
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20 Finally, we formulate the kinetic equation éo:

gt~ KadscdCOu(1~ Oco~fbon)

— K Stotfcofore ™2™ RM? —Kjes coflco- (7)

All experimental results on CO oxidation given in Ref. 1
were obtained in solutions of high ionic conductivities which
justifies neglecting the ohmic potential drop across the por-
tion of the electrolyte between reference and working elec-
trode. The double layer potentig therefore was equal to
the applied constant outer potentladl during the measure-
ments (truly potentiostatic conditionsand we did not in-
clude the double layer potential as an additional dynamical
variable.

05 ¢

FIG. 2. Calculated CV for the CO oxidation using model E§—(7). The
double layer potential was cycled between 0 and 1.0 V. Model parameter§| ANALYSIS OF THE CO OXIDATION MODEL
(see also Tables | and)ll pH=3, f=0.99, solid curve: potential scan rate
10 mV/s, dashed curve: 20 mV/s. The arrows indicate the anodic and caA. Qualitative network analysis
thodic scan. For a comparison with experiments see Fig. 2 in Ref. 1.
Figure Xa) displays the stoichiometric network diagram
of the CO oxidation model given by Eq&)—(7). The ar-

rows connecting the chemical species symbolize the chemi-

dCOy 2Dco 200054 cal (pseudgreactions of the model mechanism. The number
“at =~ &2 (COuk™ COn) = —5Kaasco of feathers and barbs correspond to the stoichiometric coef-
ficients as given in the chemical formulation E¢B—(4). If
X (1= 0co fOon) COq— Kgescoflcor () the stoichiometric coefficient of a species which is consumed
The factor 1000 comes in becauSg, and CQ, are during.a reactic_m equals 1, no feather is drawn at the corre-
given in mol/cnt and moll, respectively. sponding reaction arrof\f. o _ o
For the charge transfer controlled reactions Egsand It has been showft?!that the stoichiometric and kinetic

(4), we use Butler—Volmer type charge transfer kinetfts. coefficie_nts of a chemical reaction m_echanisr_n_ can be _u_sed
Since the exact equilibrium potentigli, of these reactions O @ rapid assessment of the mechanism’s ability to exhibit a
is not known, we include the exponential term into the ratedynamical instability due to an autocatalysis at some pointin
constants thereby reducing the number of adjustable pararR@rameter space. The method to achieve this is called sto-
eters. Denoting the symmetry factors of reactié®sand(4) ~ ichiometric network analysiéSNA). _ .

and the double layer potential as, «, and ¢, respectively, Applying SNA to our simple network diagram, it turns
and using the conventional letters for the Faraday constarut that there is an unstable subnetwork contained in the full
(F), the gas constar(R) and the absolute temperatufg), model. This unstable submechanism is shown in Fig).1

we write for the evolution of the OH coverage According to Ref. 21, the free surface sites as well as ad-
sorbed OH form an autocatalytic cycle which is destabilized
dfon ay(FIRT$ by the CQ, species. In appropriate combination with the

dt ~ Kasson(1~ fon— fcole remaining stabilizing reactions of the complete model, this

unstable core of the chemical network can give rise to a
bistability between a predominantly CO and OH covered
—a))(FIRT¢ (6) surface, as was confirmed numerically. Note that the insta-
bility stems from the chemical network only and does not
KadsoH: Kdeson and k; are the rate constants of OH jnyolve any electrical variables. In experimental terms, the
adsorption, OH desorption and of reaction between,©H presence of CQ as a dynamical variable would require the
and CQgq. It should further be noted that due to the forma- ahsence of strong stirring which would constrain the value of
tion of protons the equilibrium potentiads, of reactions(3)  cQy, to the value of CQ,. In fact, the bistability is ob-

and (4) are dependent on the pH of the electrolyte. Sinceservable in numerical simulations only for large values of the
$eq, however, is included into the rate constants, it followsdiffusion layer thickness.

that we get a pH dependence of the rate constants
KadsonsKdeson andk, . This is illustrated by the following ) ) .
relation, wherek’, 8, g and k denote constants ankig?? ~ B- Numerical simulations

— K Stotfcofone 2 FRD?

—(1
—Kgesonfone ™

symbolizes the final pH dependent rate constant: Table | shows the values of the numerical parameters
k7 @B ¢~ (beq—0.059H _ |, @~ BoeqeB0.059pHB% Dco and CQy k. The thickness of the diffusion laye of
4 .10 “ cm corresponds to a very high rotational frequency
=kgPHef?. of 28 -10° rpm.

J. Chem. Phys., Vol. 107, No. 3, 15 July 1997



994 Strasser, Eiswirth, and Ertl: Formic acid oxidation of Pt. Il

TABLE |. Parameters used in simulations of the CO oxidation model Egs. The poisoning of the surface at low potentigiss again
(5)—(7) under potentlost_anc controI: Other parameters are given in the f'gur%onsidered to be due to CO adsorption only; however, the
captions of the respective calculations. . . . .
intermediate poison CQ is now assumed to be formed by
Parameter Value Unit an irreversible, potential-independent decomposition of for-
mic acid just outside the double layer:

Dco 5x10°° cnéls

COhuik 10°° mol// FAd|+*—>COad+ Hzo

) 4x10°4 cm

Stot 3x10°° mol/cr? Kpoison deNnotes the chemical rate constant. To avoid the
T 298 K unphysical situation of a surface completely blocked by CO,

we also include the desorption of GQPeven though from
gas phase studies on Pt the rate constant of the desorption is

Th h di din th ¢ hknown to be extremely small.
e other parameters were adjusted in the course of the 5, higher potentials, CQ, is removed by Ok as in Eq.

numerical simulations. The pH dependencg stems from thEe4) of the CO oxidation model. The poisoning by and the
fact that protons are produced during reac_t|()31)sa_nd ). removal of CQq constitute the indirect path of the FA oxi-
The parameter values were used for our simulationk' 0f dation model

curves of the CO oxidation discussed in this section. In order In addition, we have to take the direct oxidation path of

0 m_lt_':\tqh experlmr:antal colngltlonsfthe le was sdgt to 3&'ff FA into consideration which occurs via at least one highly
10 mteg_ratet e coupled set of nonlinear ordinary difer~ o 4ctive intermediate. For the overall reaction scheme we
ential equationgODES we used a solver for stiff problems write?:12

taken from the Isode-packadeThe implemented algorithm
is a higher-order Adams—Molton-type predictor-corrector ~ FAy+* —CO,+* +2H" +2e™.
method. The integration was started at a low value of the
potential ¢ (¢~0 V). All simulations refer potentials with
respect to the standard calomel electré8€E). During in-
tegration the potentia$) was periodically cycled between 0
and 1 V. Figure 2 displays the numerical results at a poten
tial sweep rate of 10 and 20 mV/s. The numerid& curve

This overall reaction is further chemically resolved as
follows: We assume the initial adsorption of formic acid on
free surface sites yielding the adsorbed speciegyHAl-
lowed by the reaction path given in Ref. 12. The chemical
equations read

obtained is in good qualitative and quantitative agreement  FA,+* =FA,,, (8)
with the experimentally measured curve on polycrystalline Pt
(Ref. 1, Fig. 2. First of all, one recognizes the familiar shape ~ FAag—-COOH,¢+H" +e", 9

of experimental /U curves characterized by a potential de- _
pendent blocking of CO and OH at low and high potentials -COOH,—~CO+H" +e +. (10
¢, respectively. At a sweep rate of 20 mV/s, the CO cover-  This detailed formulation follows partly the suggestions
age remains high up t¢~0.5 V preventing OH from ad- of previous studie$!2?3Due to insufficient experimental in-
sorption. At¢~0.53 V, a sudden ignition process starts dur-formation as to the detailed kinetics of the dehydrogenation
ing which OH adsorbs and removes all CO by reactidn  reactiong9) and(10), any possible vacant site requirement is
At higher double layer potentials, the current denditye-  neglected. The third reaction step can safely be assumed to
mains finite at around 0.6mA/émOn the reverse scan, the be very fast compared to the first and second which allows
current density remains roughly unchanged even beyond thediabatic elimination of the radical specig8OOH,4. Con-
“ignition potential.” OH starts to desorb allowing for CO to sequently, depending on the concentration of,F#ad of the
readsorb. Similar to experiments, as the sweep rate is déree surface sites, the rate determining step is either the first
creased, the currehton the reverse scan shows a hump rightor the second reaction thereby taking care of both charge-
before falling off to small values. transfer controlled and adsorption controlled reaction condi-
tions. When formulating this reaction sequence in math-
ematical terms, we will make an additional adiabatic
elimination of FA4 leaving FA, as the only dynamical for-
mic acid species in the model.
A. Chemical model In contrast to Ref. 12, we do not explicitly consider the
In this section we will extend the model for the coO time evolution of protons and hydroxide ions. Instead, we

oxidation further so as to achieve a description of the dynam@ssume the dissociation of water at equilibrium at all times.

ics of the FA oxidation reaction. Instead of using the volumeMoreover, the diffusion of protons into the bulk solution is
species CQ we now introduce the corresponding formic assumed to be so fast as to obtain a constant pH across the

acid species F4. As described in Section I, this amounts double layer. The complete chemical model for the FA oxi-
to a simplified modeling of the diffusional mass transportdation reaction finally reads

IV. A MODEL FOR THE ELECTROCHEMICAL FORMIC
ACID OXIDATION

assuming a diffusion layer of fixed thicknedsand a linear FApu = FA| (11)
concentration gradient of FA across the diffusion layer at all
times. FAy+*—CO,+*+2H"+2e7, (12

J. Chem. Phys., Vol. 107, No. 3, 15 July 1997
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The equation for F4 was set up in analogy to E¢G).

\ Two reaction rate terms;irect @Nd v ypison, resulting from
processes of Eq12) and Eq.(13) contribute to the con-
~ . X
FA a sumption of FA,. The model equation reads
. 2Dgp 20005,
FAw= —52~ (FApui— FAq) — To(vdirect

+Upoison)- (17)

Here, Dpa and FAy,« denote the diffusion coefficient and
' the bulk concentration of formic acid, respectively.
The velocity for the direct oxidation patlgirect, be-

comes after adiabatic elimination of EA

CO

FIG. 3. Network diagram of the FA oxidation mechanism. The species an
(pseudareaction arrows are analogous to Figa)l

ke 3 RO ysraFAG)
Udirect™ kde(a3F/RT)¢+ kadsFAFAdI

(1= 6co—fbon).
(18)

The parameter&y, az andk,qsra represent the rate con-
stant and the symmetry factor of reacti@® and the adsorp-
tion constant of F4, respectively. Note that we have ne-

lected the expression of desorption of JAin the
FAg +* —COuq+H,0, 13 9 . n >
it Fad T 3 expression fow yirect- Similar to the CO model, the empiri-
CO,q— CO;+*, (14)  cal factorf is to take care of the observed incomplete block-

age of the FA oxidation reaction by adsorbed OH.
The expression fov ,4is0n iS straightforward:

* - +
COa¢+ OHag—CO+2* +e” +H7, (16) Upoison— kpoisorFAdl(l_ fco— fon)- (19

with reaction ste(12) being the sum of reaction®)—(10).  The factorf is only included in the rate law of the direct FA
Again, reaction(16) does not consider any vacant site re- gyjgation Eq.(18) since it is assumed that the observed finite

quirement as proposed by Wojtowiet al** and as imple-  oxidation current at high OH coverage is due to sustained
mented later in a galvanostatic 6-variable FA model of Ref. 7yenydrogenation of FA.

because there is no experimental evidence that the reaction Tne kinetic equations for the surface coverage of CO

of CO with OH requires additional unoccupied sites. Accord-g3nd OH are adopted from our CO model. The only modifi-
ing to the assumptions made above concerning oxygen spgation is the use of expressidga9) for the CO production

cies at higher potentials this model only provides an adinstead of CO adsorption. The final equations are
equate description at low double layer potentials where

oscillatory instabilities are observédrigure 3 depicts our 0600n=Kagson( 1~ Oco— Oop)e s /R4
chemical network in a more illustrative way: chemical reac- — K, Siorfoofope@ FIRD?
tions are drawn as arrows connecting the dynamical vari- rtot7COvoH
ables. The kinetics and stoichiometry of the reactions are —Kgesonfone” TR, (20)
encoded in the number of feathers and barbs as described in
Section II. One recognizes the central role of the free surface  #co™ U poison™ ki Stotfcobore R~ kyescobco-
sites. Furthermore, the CO oxidation submechanism is well
discernible in the lower portion of the network diagram. Although it has been shown in Ref. 12 that purely
chemical oscillatory instabilities, i.e., oscillations under
strictly potentiostatic conditions, are possible in the dual
channel FA oxidation mechanism, if the pH is taken into
The dynamical variables are the formic acid concentraaccount, the experimental results in Ref. 1 strongly suggest
tion at the double layer, FA\, the coverage of CQlico, and  that the pH is nonessential and purely chemical instabilities
the coverage of OHjoy. In contrast to the CO model, how- did not occur for the conditions used. Consequently, the
ever, we now aim at a simulation of potentiostdtit) char-  modeling has to explicitly consider the time variations of the
acteristics at high ohmic resistand@sas well. In Ref. 1 itis  double layer potential (also denoted agy, in the figure$
shown that especially for high valuesRfcomplex instabili-  which requires the introduction of an additional equation.
ties can be observed during formic acid oxidation. As out-Considering capacitive and faradaic currents and using the

lined in Ref. 1 high values dR cause an additiondR drop  equation of charge conservatidfr}?>we formulate the ki-
and allow for the double layer potentiglto vary at constant netic equation forp as

outer potentialJ. The double layer potentiab therefore has
to be included in the model as an additional dynamical vari-
able.

HO+* =0Hyq+H" +e7, (15

B. Mathematical model

(Ij):C_dl(jtot_jdirect_jad$OH_jr+jdesoH), (22

J. Chem. Phys., Vol. 107, No. 3, 15 July 1997



996 Strasser, Eiswirth, and Ertl: Formic acid oxidation of Pt. Il

TABLE Il. Parameters used in simulations of the CO oxidation. The same

values(exceptk,qsco and f) were also used in simulation of the FA oxi-
dation model. 14
Parameter Value Unit
a; 0.4 -
a; 0.5 - o 09
Kads on 7.72x10 %.2.5°1 st 3
kdesOH 3.0X 1d$ 0253H 571 E
Kadsco 1.0x10° /Imol s —
Kgesco 1.33x10°3 st 04 |
k, 5.06x 10°- 3.1°H cm?/mol s
f 0.99 -
-0.1
whereCy, denotes the differential double layer capacity; the b
ji represents the respective faradaic current densities of the e T
electrochemical reactior(d2), (15) and(16), whereag; is == periodic orbit l
the total current density flowing through the cell. Note that . :
reduction currents and oxidations currents are written with a ‘ / /:
negative and positive sign, respectively. . i
. .. . 05+ g e
The general expression for theis given by ®
Ji=nFSewi, (23 03} /’;/,:’
with n andv; denoting the number of electrons exchanged in i
the reaction and the reaction rate, respectively. oy
Finally, in order to model potentiostatic conditions, an
expression forjtot in dependence of the constant outer po- a0 045 0.50 055 0.60 065 0.70 075 0.80
tential U is required: Usee ! V
. U-—¢ FIG. 4. (a) Calculated CV and stationatyU curve for the FA oxidation
Jtotzﬁ- model [Egs. (17)—(24)]. The anodic and cathodic scans are indicated by

R denotes the ohmic resistance caused by low ionic conce
trations or by an outer ohmic resistor in series with the elec
trochemical cell/A stands for the area of the electrode.

V. ANALYSIS OF THE FORMIC ACID OXIDATION

MODEL

arrows. Sharp current spikes are seen during both scan directions. Further-
fyore, a hysteresis between a low-current steady state and an oscillatory
high-current state is observed. Model paramefsee also Tables Il and )il
T=298K, pH=1, 6=3 X 10”2, R=300Q, Kpoisor=60//mol s, scan rate 10
mV/s. The stationary curve corresponds to an infinitely slow scan rate. The
transition between stable current behavior and oscillatory current behavior
was found to be a Hopf bifurcation poifgolid triangle,U=0.6 V) at low
values ofU. The stationary curve further shows the experimentally unac-
cessible unstable steady state brafdhshed ling which undergoes two

Tables Il and 11l show the model parameters used duringsjaddle node bifurcation=0.74 V,U=0.64 V) before regaining stability

n the low-current branch) €alculated one-parameter bifurcation diagram

the numerical analysis of the FA model. The unknown Ki-of the FA model for model parameters as given(@. The steady state

netic constantsas,f,ky,Kyoison @aNd Kagsra Were adjusted

coverage of OHfqy is plotted against the applied potentldl The solid

and optimized in the simulations. The remaining parametergashed lines indicate stability and instability, respectively. The dotted-

TABLE lll. Parameters used in simulations of the FA oxidation model. All
remaining parameters are given in Table Il or in the figure captions of th
respective calculations. The value 6fdepends on stirringkpgison Was
chosen differently in order to model the different surface orientations.

€

dashed line shows the amplitude of the stable periodic orbits born in the
Hopf bifurcation. At the value o) where the dotted-dashed line disappears
the limit cycle collides with the saddle in a saddle-loop bifurcation. Beyond
this potential value there is no stable state other than the low-current, OH-
covered steady state.

Parameter Value Unit (pH and scan rajeare given when discussing the simula-
D 2.5%10-5 oS tions. All bifurcation diagrams were computed using the
FA . 6
Cul 20X 106 Elen? AUTO program?
A 0.625 cm
) 2x10 43x1072 cm . . e .

FAoui 0.05 mol¥’ A. Oscillatory instabilities in scanned and stationary
. 05 ) 11U curves

EPO'SO" 163;61%3 ;523: 2 In Fig. 4a), a scannedarrows indicate the scan direc-
aﬂzm 0.03% 10-4. 3.7 et tion) as well as a stationary/U curve are shown for
f 0.995 ) R=300,Kpoisoi=60, pH=1 and a scan rate of

vr=10 mV/s. The thickness of the diffusion lay&was cho-
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sen to be large (310 ?) corresponding to unstirred condi- 16

tions. The outer potentidl was cycled between 0 and 1 V.
From Fig. 4a) it can be seen that dd increases, the !\

current! slowly increases beyontd~0.5 V which corre-

sponds to the “ignition” potential of OH adsorption in our

CO simulations. At higher values df, the current starts G 12

exhibiting sharp spikes until it rapidly falls off to a low, but 5

still finite value ofl. This deactivated state is characterized é

by a 6oy~1. On the reverse scan, the current remains low

down to U~0.63 V, then shoots up rapidly performing a

periodic spiking. Now, the surface becomes increasingly 08¢
blocked by adsorbed CO.
The stationaryl/U in Fig. 4a is seen to be between the 06 , . ,
anodic and cathodic scan. It corresponds to a hypothetical s 0 A e e

cyclic voltammogram(CV) measured withv going to zero.

The line style of the stationary curve encodes the stability ofIG. 5. Calculated time series at constant outer potektial0.7 V. Al

the system. A soliddashedl line symbolizes stabilitfinsta- ~ °ther model parameters as given in Fig. 4.

bility). The solid triangle shows where the oscillatory insta-

k?"'?y sets in. On_ th? cathqd|c scan, the current follows theHence, the regime of stable oscillations is inaccessible on the
limit cycle behavior immediately after the system has passegathodic potential scan.

the lower saddle node and has jgmped to high currents, The bifurcation diagram shown in Fig(l§ reveals a
whereas on the anodic scan, the limit cycle past the Hopfe similar bifurcation sequence as before. The time series
bifurcation needs more time to dominate the behavior of the,; \;— 5 g v seen in Fig. 7 shows stable current oscillations

scan before the current falls off onto the predominantly OHy i are characterized by a comparatively fast increase of

covered steady-state branch as the limit cycle disappeafsyy|oyed by an initially very slow decrease; the decrease of

(U=~0.73 V). L ) ) i current is considerably accelerated before the current starts
More detailed insight into the bifurcation behavior of the rising again.

Iimit cycle is prqvidgd by the one-dimensional bifurcation A comparison of the numerical CV and of the oscillatory
diagram shown in Fig. ®). The steady state values 6y aye form(using a small rate of poisonihgvith the experi-

are plottgd againdt . Th_e ampli_tude cpryédOItEd'd?ShedS_ mentally measured CV on @111 (Fig. 10 in Ref. 1 reveals
seen to increase with increasikguntil it reaches its maxi- 5 qualitative agreement.

mum and coincides with the unstable saddle curve. Beyond By looking at the phase relations of the kinetic variables

that point, the limit cycle disappears. This scenario is reMiy,q gegcriptive interpretations are to be checked that have

niscent of the collision of a stable limit cycle with a saddle been put forward to explain oscillatory behavior in the FA
point resulting in the destruction of the limit cycle in a so- system’1223.282% g res 8a)—8(c) show the time evolution

called saddle-loop infinite-period bifurcation. Hence, Fig. fco,Oon,FAy and ¢ for the parameter values used in
4(b) cc_)nfirms the conjecture as to the typ_e of bifurgationFig_ 7. The variable®oy, and  are nearly in phase suggest-
occurring at thg upper boundary. Of, the osqllatory region. Aing 0o to be a fast variable which follows the variations of
typical time series of the stable limit cycles is shown in F|g.(ZS almost without delay. The potential independent CO pro-
5 he simul — I h : duction, in contrast, appears to proceed on a much slower
The simulated CV in Fig. @) as well as the sustained o scale and exhibits a considerable phase shift. The slow
current oscillations are seen to resemble the experimental ... <o offeo is accompanied by the simultaneous slow
findings on AL0Q sh%wn mdF'?'dS of Ref. fl' I increase of thep and o . At a threshold value o, a very
Next, we repo_rt t € model dynamics for a smaller rater,st adsorption of OH sets in leading to a simultaneous shoot
constant of the_ poisoning reactioh3). This is don.e because up of the total coverage and. Being consumed by the re-
the rate of poisoning was found to be a crucial structureyqion \which carries the major portion of the overall current
sensitive parame(;er and Wasz7reporterc11 to ﬁe muc_h sma(ljler Yensity, FA, is high whenever the total surface coverage is
PY111) compared to R100.” We chosekpoiso=6 an high and, consequently, the value lofs low. FAy, exhibits

R=700 Q leaving all other model paramgters as in Fig. 4.4 anti-phase behavior comparedfg,: During the slow
The sganned CV as _WeII_ as the hypo_thetlcal stathmé}lty increase offeo FA, falls off at a similar rate.

behavior are shown in Fig.(&. Periodic current variations

are only discernible during the anodic scan. Sweeping ca- ) ) )

thodically, the current density simply jumps discontinuously- Bifurcation analysis and oscillatory

from the low-current near the high-current steady state With_submechanlsms
out showing any damped periodic behavior. This behavior = Complex dynamics of chemical reaction networks is of-
becomes clear when looking at the stationdiy curve and ten the result of an interaction of more than one unstable
its stability: the Hopf bifurcation (0.77 Ms now located to  feature within the mechanism. A decomposition of the com-

the right of the low-current saddle-node bifurcation (0.71 V plex network into simpler networks helps to extract possibly
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FIG. 6. (a) Calculated CV and stationatyU curve for the FA oxidation
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FIG. 7. Calculated time series at constant outer potettial0.9 V. All
other model parameters as given in Fig. 6.

in dependence of the parametérandR. The large value of

6 ensures that the variable fAs time-dependent and there-
fore constitutes an essential variable. The parameters apart
from those given in Table Ill arek,,iso= 10, pH=3. The
solid, dotted and dashed-dotted lines denote the locations of
saddle-node Hopf and saddle-loop infinite period bifurca-
tions, respectively. Cutting the two-parameter plot along the
ordinate at a sufficiently high value &, one recovers one-
dimensional bifurcation plots as given in Figgb¥and Gb):
sustained oscillations set in at the Hopf bifurcation line. With
increasingU the limit cycles increase in period remaining

model. The anodic and cathodic scans are indicated by arrows. Broad CUktable up to the location of the saddle—loop bifurcation where

rent spikes are seen on the anodic scan only. A broad hysteresis betwee
low-current steady state and an oscillatory high-current state is observe
Model parametergsee also Tables Il and )l T=298 K, pH=1, §=3

a

I;ﬁhe current oscillations disappear. Beyond this point the sys-

tem falls off to the low-current steady state as described be-

X 1072, R=700 ), Kpoison=6 #/mol s, scan rate 10 mV/s. The solid and fore. From Fig. 9 it is important to note that for values of
dashed stationary curves denote stable and unstable steady states. The s@lidsmaller than~45 ) there are no dynamical instabilities.

triangle symbolizes the location of the Hopf bifurcatiod € 0.77 V). (b)

Calculated one-parameter bifurcation diagram of the FA model for model

parameters as given {@). The steady state coverage of O#,, is plotted
against the applied potentidl. The solid line and dash line indicate stability
and unstability, respectively. The dotted-dashed line show the amplitude of
the stable periodic orbits born in the Hopf bifurcation. At the valuedJof
where the dotted-dashed line disappears the limit cycle collides with the
saddle in a saddle-loop bifurcation. Beyond this potential value there is no
stable state other than the low-current, OH-covered steady state.

different sources of instabiliti€s. The knowledge of the dy-
namics of such subnetworks then can provide an understand
ing of the observed behavior of the full chemical network.

In this section we show how the complete FA mecha-
nism[Egs.(17),(20),(21),(22)] can be decomposed into two
suboscillators which consist of the same source of instability
(autocatalysisbut exhibit different negative feedback loops.
Their respective contributions to the observed overall dy-
namics is described and related to the experimental findings
described in Ref. 1.

FA,/mol I

1. Bifurcation behavior of the full FA mechanism

. . . . . FIG. 8. Calculated time series of the four model variables at constant outer
Figure 9 depicts a two-parameter bifurcation diagram Ofygtential for parameters as in Fig. @) dashed line:doy, dotted dashed
line: 6o, (b) FAq, (C) ¢y -

the full FA model under unstirred condition$£3 -10 2)
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FIG. 9. Two-parameter bifurcation diagram of the complete FA model using
6=3x1072, Kpoison=10~/mol s, pH=3. All other parameter as before. The

solid line, dashed line and the dotted-dashed line indicate the location of the 045
saddle-node bifurcations, the Hopf bifurcations and the saddle-loop bifurca-
tions, respectively. All three curves meet in a Takens—Bogdanov point close
to the cusp. 0.44

UscelV

043

2. Suboscillator 1
In Section Ill we mentioned that small values of the

diffusion layer thicknesss can be used to simulate strong oy
stirring of the electrochemical bulk electrolytéMoreover, ’
a small§ causes the diffusion fluxes to be large resulting in 041 ‘ N

a rapid compensation of variations in concentrations of the RIQ
variable FAy,. Hence, one expects [RAto be nearly con-

stant. In fact, experimentally, strong stirring is known to pro-FIG. 11. (a) Two-parameter bifurcation diagram of suboscillator 1 using
vide a quasi constant concentration of the electroactive buIIt?=t 2|><10’4_, k':ppaso&;lg /Imols, ptH=%f Al ?_theg _parametfrs band_lllint-

H H H irri H — — 4 estyles as In Fig. Y Wwo-parameter piturcation diagram of suboscillator
SPECI€s. SI.mUIatmg strong.stlrrlmgnth 8=2-10"" cm) the 2 uiingﬁz 3><18’2, kpoison:plo /Imol s, pH=3. All ott?er parameters and
concentration of Fg remained nearly constant at the bulk  jinestyles as in Fig. 9.
value of 0.05 mol/. As a species of constant concentration
FAy does not constitute a model species essential for the
observed dynamics.The reduced network diagram showing bols is shown in Fig. 1@), whereas the nonessential species
the essential species and reactions as black arrows and syand (pseuddreactions are shown in grey. The figure illus-

trates that under stirred conditions the observed dynamics is
not based on the full model but instead stems from the dy-
® ® namics of the black submechanism. The black subnetwork
NS \ will henceforth be referred to as suboscillator 1.
FA A two-parameter bifurcation plot shown in Fig. (AL
a was calculated using the same set of model parameters as in

:/ dt
' the previous figure except for the values®dfAlthough the
g% - % cusp is slightly shifted towards smaller valuesPfand the
Y Y potential region of stable limit cycles is slightly smaller, the
( E diagram reveals a qualitatively very similar bifurcation struc-
]
CO )

Ag ture as found for the full model. For a later discussion it is

OH 00 e OH important to note that the Hopf bifurcation of suboscillator 1
is found onl/U curves with positive slope similar to the
FIG. 10. (a) Network diagram of suboscillator 1. Only the black species andfindings at larges (unstirred conditions
reactions are essential for the model dynamics. The grey species and reac-

tions, i.e., the variable Ff as well as the diffusional transport reactions, .

have become nonessential by settéhp a very small value thereby keeping 3. Suboscillator 2
FAq at its bulk concentratior(b) Network diagram of suboscillator 2. Simi- We investigate the behavior of another submodel of the
lar to (a), only the black species and reactions are essential for the dynami : . e : : ;

and are responsible for the observed dynamics. The rate of the poisonicr{;[fIII FA_meChamsm' ,The Slmp|lfled me(,:hamsm IS Obtamed
reaction has been set to zero. Consequeitly, as well as the rate of the DY S€tting the reaction rate of the poisoning reaction and
removal reaction is zero. consequentlyf-q constant to zero. This turng.g into a
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nonessential species as discussed in Ref. 21. The chemica ‘ ‘ .
part of the remaining submodérom now on referred to as a
suboscillator 2is shown by the black species and arrows in 25 f
Fig. 10b). As with suboscillator 1, the chemistry of
suboscillator 2 is complemented by the equationgoSince

we want FAy, to be an essential model variable, we aim at a
simulation of unstirred reaction conditions; this is achieved
by simply settings back to 3-10"2 cm. The two-parameter o
continuations of the local bifurcations are shown in Fig. 11b. 30
The reduced set of chemical reactions is still able to exhibit
limit cycle oscillations when interacting with the electrical
variable ¢. Although the location of the saddle-node bifur-
cations are similar as before, the oscillatory region is now
very small compared to suboscillator 1 or to the unstirred full s
FA model. Again, the presence of a sufficiently large ohmic
resistancer is necessary to induce instabilities. The bifurca- 10
tion sets of Fig. 1(b) represent a cross-shaped phase dia- ) ‘ ‘ c
gram (XPD) which is frequently encountered in the bifurca-
tion behavior of oscillatory chemical systerifsSetting
5=2-10"* cm, the value of F4 can nearly be kept con-
stant at the bulk concentration. The bifurcation diagram now
shows the saddle-node curves as before, but no Hopf bifur- 15
cation is found. Obviously, sub-oscillator 2 is a minimal os-

cillator with FAy, being an essential species. This result fur- S 30 500 00 000
ther indicates that the saddle-node bifurcations and s

Consequently the .bIStablllty are SOIely due .to the Inter?'CtloqzlG. 12. Time series foR=50 () at different values ofJ. All other pa-

of the fast potential-dependent ad/desorption of OH in thg;meters as in Fig. 9a) mixed-mode oscillationdMOs) characterized by

presence of an ohmic resistanReand a current providing one large-amplitude and two small-amplitude oscillatiaid state at

process such as given by Ed2). U=432.1 mV, (b) mixed-mode oscillations characterized by one large-
amplitude and three small-amplitude oscillatiqa3 state at U=432.1155
mV, (c) aperiodic oscillations at =432.118 mV.

1/mA cm™
5

n

251

I/mAcm

T/mAcm™

C. Mixed-mode oscillations VI. DISCUSSION AND COMPARISON TO
Having investigated the bifurcation behavior of the mini- EXPERIMENTS
mal suboscillators 1 and 2 we come back to the dynamics ok. cO oxidation
the full FA model under unstirred conditions. One would _ N
The model calculations on CO oxidation show that the

expect that the dynamics of the full FA model under un- X ; _ . in the Kineti
stirred conditions should be affected by the individual behay2SSUmption of a vacant site requirement in the Kinetic rate

ior of both minimal oscillators. For values &f andR far 2w Of reaction(4) is not needed, this 6135‘214”;520” has fre-
from the cusp bifurcation, one would expect a dynamicalquently been made in previous FA studie™*>4n order

behavior similar to that of suboscillator 1 as confirmed int0 account for the sharp rise in current density. Rather, the

Fig. 9. Near the cusp, however, where both oscillatory Sub[esults in Section Il suggest that the sharp current peak is

models exhibit sustained limit cycles, a more complex dy_due to a delayed OH adsorption which appears reasonable in

namical regime is to be expected. Two calculated times selleW of a dense poisoning CO coverage. The vacant site

ries for R=50 Q and for two closely adjacent values of mechanism would predict bistability under truly potentio-

are shown in Figs. 13) and 1Zb). These current oscillations static conditions in_the presence of _stirring, which was not
are characterized by the occurrence of a number of Smalpbserved. Hysteresis, which may be interpreted as evidence

amplitude sinusoidal oscillations interspersed with a fast and”’ b'Stab'“tyi wagkonly Obta'rllid in the abjenhce ocf)stlrrlng.
large relaxational current spike. This phenomenon is knowniore recently, amotcet al.* suggested that OHor

as mixed-mode oscillations and has frequently been observ 0) fads%rptlon (.:;n onI%/ OCCUL'f CO is pregdsc:rbed. we
in models and experiments of chemical and electrochemic : ave found no evidence for such an assumption. In any case

oscillators?-25:31-34 o comparison of the wave forms of the e model usedSections Il and Il was able to reproduce

two minimal oscillators and the mixed-mode oscillations forthe experimentall /U curves using standard adsorption
the given parameters indicates that the small-amplitude oderms.

cillations stem from suboscillator 2, whereas the large relax- . . _—
ational spikes are due to submodel 1. In between stablg' Formic acid oxidation

mixed-mode regimes as shown in Fig.(42 there are non- The model calculations revealed that the simple FA
periodic regimes as shown in Fig. (£ model is capable of reproducing the qualitative and many
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semi-quantitative features of the experimental FA oxidation ®
system. The value of the rate constant of the CO poisoning I
Kpoison turned out to be a crucial parameter for the shape of ““‘"W
the calculated cyclovoltammograms and the wave forms of

the current oscillations. At high values kf,ison, both the *
scanned/U curve and the stationary current oscillations re- OH ™. q)
semble experimental findings on(P@0) (see Fig. 9 in Ref. dl

1). This is seen by the occurrence of current spikes on both

the anodic and cathodic potential scan and the rapid decrease ® ©
in current during stationary oscillations. This result is con- lole R | FA
sistent with chemical properties of Pt single crystal surfaces
insofar as the rate of poisoning on(RA0 is known to be I !
larger than on the other two low-index single crystdlShe
bifurcation behavior is again consistent with experimental
findings! at low potentials the stable steady state loses its
stability via a supercritical Hopf bifurcation, whereas at highFIG. 13. (a) Positive feedback loop of both suboscillators. Solid arrows
potentialsU the oscillations disappear abruptly with finite represent a positive, whereas dashed arrows indicate negative effect. The

. . _ . . regulations can be viewed as matrix elements of a jacobian. Free surface
amp“tUde in a saddle IOOp bifurcation. At lower values of sites affect the total current via the direct oxidation pateffects ¢, via

kpoison!'the shape of thé/U curve cha}nged in that No Cur- the ohmic resistance angly feeds inversely back to the free surface sites
rent spikes are seen on the cathodic scan, whereas larg@:e to the negative differential resistan¢s) Negative feedback loop of

period oscillations dominate the anodic scan. These resulgiboscillator 1. The loop contains the slow chemical speciegsCQ@)
are consistent with experimentally measured Cyclovoltaml\'egat_'ve feed_back loop of suboscillator 2. The loop includes the slow
L . . chemical species FA.
mograms and oscillations on(P11) (see Fig. 11 in Ref. 1
where CO poisoning is known to proceed slowly. As for the
phase relations of the chemical species, Fig. 8 confirmed thgients along the loop; thus, an even number of negative ele-
qualitative interpretations proposed in previous studliesr-  ments leads to positive, an odd number to negative feedback
thermore, the numerically obtained bifurcation diagram injoops.
Fig. 9 is in agreement with the experimental bifurcation be-  The positive feedback loop in Fig. (8 operates as fol-
havior (Fig. 14 in Ref. ) with respect to the relative location |ows: Since the direct oxidation pafiEq. (12)] is the main
of the different dynamical regimes. current-carrying reaction, an increase of the number of free
sites results in an increase in the total curdemAn increas-
ing currentl, however, lowersp which then leads to more
free surface sites due to OH desorption. The potential depen-
In Section V, two oscillatory electrochemical subnet-dent ad- and desorption of OkIn the presence of any
works have been found to be present in the full FA modelcurrent-carrying reactigris seen to be crucial for a negative
when 6 was large(nonstirred conditions Suboscillator 1, regulation betweerp and| (d1/d¢<0). This, however, is
whose chemical part included the species and reactionsquivalent to saying that the ad- and desorption of OH con-
shown in Fig. 10a) as well as the double layer potentia]  stitutes the source of the negative differential resistance
was obtained whe@ was chosen to be very small. In this (NDR) which is known as crucial prerequisite for an electro-
case, the volume species jfbecame nonessential for the chemical instability.
dynamics and the remaining oscillatory subnetwork involved  In the case of suboscillator 1, the negative feedback loop
chemical surface species only. This means that suboscillatés depicted in Fig. 1®). Again, the arrow style encodes the
1 is independent of stirring. sign of the respective regulations. Now, a chemical species
Suboscillator 2, in contrast, was found to consist of the(CO) participates in the cycle whose rate of change occurs on
chemical species and reactions shown in Figbl0as well a much slower time scale compared to the fast electrical
the electrochemical variablé); the network involves the variables¢ andl. This slow chemical time scale determines
volume species F4 (which is sensitive to stirring whereas the time scale of the entire loop leading to a slow negative
Oco is nonessential. As for suboscillator 1, the fast reversibldeedback. Finally, the negative feedback loop of suboscilla-
adsorption of OH remained essential for oscillations. tor 2 is shown in Fig. 1&). Again, a slow chemical species
In general, oscillatory behavior requires the simulta-(FAy,) is rate determining for changes along the feedback
neous presence of a fast positive as well as a slow negativeycle. It is clearly seen that if the variable jAs nearly kept
feedback loop. For both oscillatory submechanisms 1 and Zonstant due to small values 6fthe negative feedback loop
the fast positive feedback is given by the interplay of the freébreaks down and oscillations disappear, whereas the positive
surface sites and the electrical variabieandl as shown in  feedback loop is still active and leadis® combination with
Fig. 13@). A solid (dasheglarrow indicates a positivenega- the remaining chemical reaction® bistability.
tive) influence. The arrows can also be pictured as represen- The oscillatory region in the parameter space of
tations of Jacobian elements between the variables shown. guboscillator 1 was seen to be very similar to that observed
feedback loop is given by the product of all Jacobian elefor large values of5 (nonstirred conditions Obviously, the

C. Mechanistic analysis
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dynamics of the unstirred FA system is mainly dominated bytential oscillations. It is interesting to note the analogy be-
suboscillator 1. The oscillatory region of submodel 2, in con-tween the mechanistic roles of the species in suboscillator 1
trast, was smaller overlapping with that of suboscillator 1 inand the H oxidation system. Similar to Clduring hydrogen

a parameter region near the cusp. For parameters inside ekidation, the fast ad/desorption of OH is responsible for the
close to this overlapping region, the dynamics of the nonexistence of a branch of negative impedance; the slower poi-
stirred modellarge 5) should be expected to be governed by soning and reactive removal of CO in suboscillator 1 corre-
both oscillators. In fact, the results of Section V C confirmedsponds to the potential dependent ad/desorption of the metal
the presence of a parameter region of mixed-mode oscillacations, and the diffusion limited Hoxidation current and
tions (MMOs). It should be noted that the MMO parameter the girect oxidation path of FA constitute the current carry-
region was small similar to what has been found in Ref. 32i,4 processes of the respective oscillators. In suboscillator 2,
As observed in other models of electrocatalytic Systéﬁg’ the current carrying process as well as the process leading to
there are also nonperiodic regimes adjacent to mixed-modg ) ranch of negative impedance are the same as in suboscil-

behavior. . . . lator 1. The negative feedback specigslume species FA
The results given in the previous paragraph offer a con-

. . . . L , however, is now directly involved in the current carryin
sistent interpretation of the experimentally observed stlrrlngf)') y ying

. . . . ~precess, similar to findings in the peroxodisulphate oscillator
effects described in Ref. 1: The experimental period-1 oscil-_. \ngs In P pha
. . .~ (first category. In the simulations, current oscillations occur
lations were generally found to be independent of stirring.

This corresponds to the period-1 oscillations of suboscillatof " /U branches of negative slope and at low stirring rates

1 which are independent of the diffusion layer thicknéss only, whereas under galvanostatic conditions, no potential

Moreover, in experiments the MMOs were found to trans_oscillatio.ns are -ob-servable.. Obviously, Fhe FA oxidation
form into period-1 oscillations as stirring was switched on.mOdel without stirring combines two oscillators, one from
With stirred electrolyte MMOs have never been observed®2ch category. _

This corresponds to the above results in that the mixed-mode 1"€ observed phase diagrams of the two submodels are
behavior without stirring is due to the interplay of suboscil- Consistent with recent suggestions by Kdpes to the rela-
lator 1 and 2; as stirring is switched on, the negative feedtion of oscillator category and bifurcation behavior. Accord-

back of submodel 2 is suppressed, whereas suboscillator g to Ref. 37, oscillators of the first categasuboscillator
survives. 2) exhibit a cross-shaped phase diagram, whereas in the sec-

ond category(suboscillator 1 “the symmetry between the

potential dependence of the charge balance of the electrified
D. Mechanistic classification interface and the mass balance of the electroactive species”

In Refs. 13 and 37, a classification of e|ectrochemica|i5 brOken, and a different bifurcation scheme is obtained

oscillators was undertaken. Besides systems which are alFig. 11.
ready oscillatory or bistable under strictly potentiostatic con- ~ The foregoing discussion strongly suggests a conclusion
ditions (not relevant for the present discussiotwo catego- regarding the minimal mechanistic requirements for an elec-
ries of electrochemical oscillators were described whichrocatalytic oscillator of the two categories considered
require a negative differential resistartd¢ for an insta-  here3’ oscillators with hidden negative impedance require

bility to occur. The first category includes systems that ex- . . .
hibit a negative slope in steady-staf&) characteristic. Cur- (1) a current-carrying processuch as the direct FA oxida-

. tion or the H oxidation for suboscillator 1 and the,H
rent oscillation® are only observed on the branch of a ) .
negative slope. Under galvanostatic conditions, these sys- system, re_spectlve)wvhlch may or may not depend on
tems show bistability only. Examples of oscillatory systems the potential, ) .
which fall into this category are the oxidation of peroxodis- (2) a process on a time scale comparable to that of variations

ulphate or the reduction of metal cations in the presence of ©f ¢ Which is responsible for the occurrence of the nega-

anionic catalysté~* The second category comprises sys- tive dlffgrenual re&stancéfas? potential-dependent ad/

tems that exhibit current oscillations on a branch of positive  desorption of OH or halogenideand o _

polarization slope. They exhibit potential oscillations under(3) & slower potential-dependent process exhibiting a posi-

galvanostatic control, as well. In their steady-state character- tiVé current/potential characteristiadsorption and reac-

istics the negative impedance of the fast process is hidden by tive removal of CO or ad/desorption of metal

a process on a slower time scale which shows a positiveygcillators of the other categorgperoxodisulphate-type

polarization slope. Therefore, these systems are said to ha‘}‘ﬁ)wever, usually include

a “hidden” negative impedance. A typical example for this

category was found to be the oxidation of i the presence (1) only one potential-dependent process of positive polar-

of metal cationgCW? ", Bi®*) and halogenide anioris. ization slope which involves a slow electroactive species
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