Chapter 5

Temporal Self-Organization in
Formic Acid Oxidation -

Modeling

5.1 Introduction

In the previous chapter an experimental investigation of the electrocatalytic formic
acid oxidation reaction on Pt(100), Pt(110) and Pt(111) under potentiostatic condi-
tions was presented. Current oscillations were observed on all three single crystals.
The interplay of both electrical quantities, i.e. the double layer potential ¢ and the
current density I, and chemical quantities such as the concentrations of the elec-
troactive species was discussed as the original source of the instability. A descriptive
interpretation was given as to how sustained current oscillations can be considered to
arise. Now a detailed numerical study of a kinetic model is to follow in order to test
our mechanistic hypotheses.

There are several kinetic models of electrocatalytic oscillators in the literature
which differ significantly in their ability to reproduce experimental findings under
realistic conditions [65, 66, 170, 171, 25, 160, 172, 173, 64, 71, 88, 29, 174]. A first
attempt to come up with a kinetic model for the galvanostatic formic acid oxidation on
Pt was undertaken by Albahadily and Schell who employed a six- and seven-variable
model. As the source of the instability, they proposed a kinetic rate law of the
removal reaction of a poisoning intermediate (CO) which was set to be autocatalytic
with respect to the vacant surface sites (vacant site requirement). In a more recent
study Okamoto et al. [174] investigated a three-variable model and reported potential
oscillations that were similar in shape to those obtained in experiments.

In the current chapter, we will test the hypotheses made in chapter 4. To this
end, a realistic kinetic model for the FA oxidation (section 4) will stepwise be devel-
oped starting out with the CO oxidation (section 2 and 3) as done in the previous
experimental study. A detailed numerical analysis of the model employing conditions
close to experiments is given in section 5. Finally, the mechanistic reasons for the oc-
currence of instabilities, simple oscillations and mixed-mode oscillations are discussed
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in section 6.

5.2 A model for the electrochemical CO oxidation

As outlined in chapter 4, there now exists agreement on the crucial involvement of CO
as poisoning intermediate in the indirect oxidation path of the electrochemical formic
acid (FA) oxidation: Under conditions where oscillations occur during FA oxidation,
the poisoning of the catalytic surface by CO adsorption leads to an increase of the
double layer potential ¢, which in turn results in the formation of surface hydroxides
such as Pt-OH; these species then remove the adsorbed CO by oxidation to COy. The
CO oxidation therefore constitutes a submechanism of the full FA-mechanism. So, it
is obvious that an experimental and numerical investigation of CO oxidation is useful
to obtain insight in the indirect oxidation path of the FA-mechanism. Moreover, once
a kinetic model of the CO reaction has been constructed, it can be used as a submodel
of a model of FA oxidation.

Chemical model

In view of the experimental conditions under which our I/U measurements were ob-
tained, we assume CO to be reversibly transported by diffusion between the bulk
solution and the double layer resulting in a time-dependent concentration profile
across the diffusion layer. Denoting the CO concentration in the bulk by C'Opyx and
the concentration of CO just outside the double layer as COy we write the diffusive
transport of CO as

D
COpuir, = COq (5.1)

The superscript D suggests the dependence of the rate of this pseudoreaction on
the diffusion constant of CO, Dcp. Adsorption and desorption of CO on the catalytic
surface is taken care of by the potential independent scheme

COu + % = COuy (5.2)

where * symbolizes a vacant surface site. The subscript ad indicates species
adsorbed on the surface.

At higher double layer potentials ¢, a reversible oxidation of water molecules
to surface hydroxides (OH) sets in followed by the irreversible formation of higher
valent Pt oxides such as Pt-O. For simplicity and transparency of the numerical
model, however, we consider OH to be the dominant 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
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chemical equation reads
HsO +%=0Hy+e +HT. (5.3)

The formation of electrons causes the reaction constants of this reaction to depend
explicitly on the double layer potential ¢.

Finally, CO,4 and OH,y are assumed to react in a potential dependent reaction
forming the final product COa:

COuq +OHyg — COg + 2% +e~ + HT. (5.4)

Note that reaction (5.4) is not assumed to involve an additional free surface site.

Mathematical model

For the purpose of a numerical analysis, the chemical model given above is to be
translated into a mathematical model describing the time evolution of the concen-
trations of species essential for the mechanism. The chemical model suggests that
the concentrations of CO in solution, of CO.q and O H,q have to be included as dy-
namical variables. The exact solution of the problem involves the solution of a PDE
for the concentration gradient of CO across the diffusion layer. Following Koper and
Wolf [175, 71], however, we avoid solving a PDE for each time step. Instead, we
truncate this problem by only considering the concentration of CO at the boundary
between diffusion layer and double layer, in the chemical model denoted as COy;, as
dynamical variable and by assuming a linear concentration gradient across a diffusion
layer of fixed thickness ¢ at all times. These assumptions imply an immediate relax-
ation to a linear concentration profile, i.e. the steady-state profile, for nonzero net
fluxes through the diffusion layer. We are aware of the fact that under experimental
conditions the thickness 6 certainly is subject to periodic variations as the current
I oscillates. Following ref. [175] we therefore consider ¢ to be an average thickness
during oscillations. To complete the kinetic equation of the variable COy; one has to
add its removal due to CO adsorption according to eq. (5.2). Note that surface con-
centrations of adsorbed species such as CO.q and OH,4 are normalized with respect
to the total concentration of surface sites, Siot, providing the dimensionless surface
coverage 0; of a species i as the actual dynamical variable. The measured I/U-curves
of the CO oxidation (Fig. 4-1on Pt single crystals and Fig. 4-2 on polycrystalline Pt)
indicate an asymmetric inhibition of COg,q and OHgg, i.e. the fact that a high CO
coverage blocks the adsorption of OH completely (see the CV of Pt(100)), however,
that at a high coverage of OH at higher potentials U there is still a finite CO oxida-
tion current discernible on top of the current caused by OH adsorption; obviously, the
OH coverage does not completely block all sites allowing for sustained CO adsorption
and oxidation. The asymmetric inhibition is included in our model by means of an
empirical factor f which modifies the hindrance factor yielding (1 — 0co — f0om). A
value of f smaller than 1 leads to a finite CO adsorption rate sites even if Opg = 1,
i.e. has reached its saturation value.
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The final equation for COy4 then reads

dCO 2D
7 4= 650 (COpuir — COgq1)
2000S%,
- Ttt (kads,co (1 =0co — fOor) COq — kdes,co Oco) (5.5)

The factor 1000 comes in because Sior and COy; are given in mol/ em? and mol /1,
respectively.

For the charge transfer controlled reactions eq. (5.3) and (5.4) we use a Butler-
Volmer type charge transfer kinetics [48]. Since the exact equilibrium potential ¢eq
of these reactions is not known, we include the exponential term into the rate con-
stants thereby reducing the number of adjustable parameters. Denoting the symmetry
factors of reactions 5.3 and 5.4 and the double layer potential as a;, ag and ¢, re-
spectively, and using the conventional letters for the Faraday constant (F), the gas
constant (R) and the absolute temperature (T), we write for the evolution of the OH
coverage

dbon
dt

= kadas,on (1 — 0o — 0co) e AT

- k?‘ Stot QCO 90H eQZ%(f) - kdes;OH 90H e_(l —al)%(f)‘ (56)

Kads,orrs Kdesom and k. are the rate constants of OH adsorption, OH desorp-
tion and of reaction between OH,; and COgq4. It should further be noted that due
to the formation of protons the equilibrium potentials ¢, of reactions 5.3 and 5.4
are dependent on the pH of the electrolyte. Since ¢4, however, is included into
the rate constants, it follows that we get a pH dependence of the rate constants
kads,0f > kdes,orr and kp. This is illustrated by the following relation, where k/, 3, g
and k denote constants and k gP’ symbolizes the final pH dependent rate constant:

Jor B(&—(6eq—0.059 PH)) _ Joy o8 deq o8 0.059 pH B ¢

:kngeﬁd)

Finally, we formulate the kinetic equation of 6¢p:

dBco
dt

= kaas,co COq (1 —0co — fbomn)

— ky Siot Oco Oop e FT® — ges,co Oco- (5.7)

All experimental results on CO oxidation given in chapter 4 were obtained in so-
lutions of high ionic conductivities which justifies neglecting the ohmic potential drop
across the portion of the electrolyte between reference and working electrode. The
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double layer potential ¢ therefore was equal to the applied constant outer potential
U during the measurements (truly potentiostatic conditions) and we did not include
the double layer potential ¢ as an additional dynamical variable.

5.3 Analysis of the CO oxidation model

Qualitative network analysis. Fig. 5-1a displays the stoichiometric network diagram
of the CO oxidation model given by eq. (5) through 7. The arrows connecting the
chemical species symbolize the chemical (pseudo)reactions of the model mechanism.
The number of feathers and barbs correspond to the stoichiometric coefficients as
given in the chemical formulation eq. (1) through (4). If the stoichiometric coefficient
of a species which is consumed during a reaction equals 1, no feather is drawn at the
corresponding reaction arrow [176].

It has been shown [33, 176] that the stoichiometric and kinetic coefficients of a
chemical reaction mechanism can be used for a rapid assessment of the mechanism’s
ability to exhibit a dynamical instability due to an autocatalysis at some point in pa-
rameter space. The method to achieve this is called Stoichiometric Network Analysis
(SNA).

Applying SNA to our simple network diagram, it turns out that there is an unsta-
ble subnetwork contained in the full model. This unstable submechanism is shown in
Fig. 5-1b. According to ref. [33], the free surface sites as well as adsorbed OH form an
autocatalytic cycle which is destabilized by the COy; species. In appropriate combi-
nation with the 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 surface, as was confirmed numerically. Note that the instability
stems from the chemical network only and does not involve any electrical variables.
In experimental terms, the presence of COy as a dynamical variable would require
the absence of strong stirring which would constrain the value of COy; to the value of
COpyi- In fact, the bistability is observable in numerical simulations only for large
values of the diffusion layer thickness §.

numerical simulations. Table 5.1 shows the values of the numerical parameters
Dco and COpy. The thickness of the diffusion layer 6 of 4 - 10~ cm corresponds
to a very high rotational frequency of 28 - 10% rpm.

The other parameters were adjusted in the course of the numerical simulations.
The pH dependence stems from the fact that protons are produced during reactions
5.3 and 5.4. The parameter values were used for our simulations of I /U curves of the
CO oxidation discussed in this section. In order to match experimental conditions
the pH was set to 3.

To integrate the coupled set of nonlinear ODEs we used a solver for stiff problems
taken from the lsode-package [108]. The implemented algorithm is a higher-order
Adams-Molton-type predictor-corrector method. The integration was started at a
low value of the potential ¢ (¢ ~ 0V). All simulations refer potentials with respect
to the Standard Calomel Electrode. During integration the potential ¢ was peri-
odically cycled between OV and 1V. Fig. 5-2 displays the numerical results at a
potential sweep rate of 10 mV/s and 20 mV/s. The numerical I/U curve obtained
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Figure 5-1: a) Network diagram of the CO oxidation mechanism. COg, *, CO
and OH denote CO at the double layer, the vacant surface sites, adsorbed CO and
adsorbed OH, respectively. The arrows indicate the chemical (pseudo)reactions. The
total number of barbs and arrows encode the stochiometric coefficient of the respective
species. b) Current diagram of unstable steady state subnetwork which is contained in
the CO model. This unstable network leads to bistability in some region of parameter
space. Since no electrical quantity is involved the instability is purely chemical and
thus numerically observable under truly potentiostatic conditions ,i.e. for constant ¢.

is in good qualitative and quantitative agreement to the experimentally measured
curve on polycrystalline Pt (see Fig. 4-2): First of all, one recognizes the familiar
shape of experimental I/U curves characterized by a potential dependent blocking of
CO and OH at low and high potentials ¢, respectively. At a sweep rate of 20 mV/s,
the CO coverage remains high up to ¢ ~ 0.5V preventing OH from adsorption. At
¢ ~ 0.53V, a sudden ignition process starts during which OH adsorbs and removes all
CO by reaction 5.4. At higher double layer potentials, the current density I remains
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parameter value unait
Dco 5x107° | cm?/s
COpuik: 1073 mol/l
0 4x1074 cm
Stot 3 x 1079 | mol/em?
T 298 K

Table 5.1: Parameters used in simulations of the CO oxidation model eq. (5.5) - (5.7)
under potentiostatic control. Other parameters are given in the figure captions of the
respective calculations.
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Figure 5-2: Calculated cyclic voltammogram (CV) for the CO oxidation using model
eq. (5.5)-(5.7). The double layer potential was cycled between 0 and 1.0 V. Model
parameters (see also Table 5.2 and 5.3) : pH=3, f=0.99, solid curve: potential scan
rate 10 mV/s, dashed curve: 20 mV/s. The arrows indicate the anodic and cathodic
scan. For a comparison with experiments see Fig. 4-1 and 4-2.

finite at around 0.6 mA/cm?. On the reverse scan, the current density remains rougly
unchanged even beyond the ’ignition potential’. OH starts to desorb allowing for CO
to readsorb. Similar to experiments, as the sweep rate is decreased, the current I on
the reverse scan shows a hump right before falling off to small values.
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5.4 A model for the electrochemical formic acid oxida-
tion

Chemical model

In this section we will extend the model for the CO oxidation further so as to achieve
a description of the dynamics of the FA oxidation reaction. Instead of using the
volume species COy we now introduce the corresponding formic acid species F'Ag;.
As described in section 2, this amounts to a simplified modeling of the diffusional mass
transport assuming a diffusion layer of fixed thickness § and a linear concentration
gradient of FA across the diffusion layer at all times.

The poisoning of the surface at low potentials ¢ is again considered to be due to
CO adsorption only; however, the intermediate poison CO,q is now assumed to be
formed by an irreversible, potential-independent decomposition of formic acid just
outside the double layer:

koison
FAg+x 225" COuq + HO

Epoison denotes the chemical rate constant. To avoid the unphysical situation of
a surface completely blocked by CO, we also include the desorption of CO,4 even
though from gas phase studies on Pt the rate constant of the desorption is known to
be extremely small.

At higher potentials, CO,q is removed by OH,4 as in eq. (5.4) of the CO oxidation
model. The poisoning by and the removal of CO,4 constitute the indirect path of the
FA oxidation model.

In addition, we have to take the direct oxidation path of FA into consideration
which occurs via at least one highly reactive intermediate. For the overall reaction
scheme we write [88, 160]

FAg+%— COq+x+2H" +2¢™.
This overall reaction is further chemically resolved as follows: We assume the

initial adsorption of formic acid on free surface sites yielding the adsorbed species
F A, followed by the reaction path given in ref. [88]. The chemical equations read

FAy+*=FAy (58)
FAgg — -COOHpg + H* + ¢ (5.9)
‘COOHyq — COx+ HT +e™ + . (5.10)

This detailed formulation follows partly the suggestions of previous studies [160,
88, 131]. The third reaction step can safely be assumed to be very fast compared to the
first and second which allows adiabatic elimination of the radical species -COOH 4.
Consequently, depending on the concentration of F'Ay and of the free surface sites,
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the rate determining step is either the first or the second reaction thereby taking
care of both charge-transfer controlled and adsorption controlled reaction conditions.
When formulating this reaction sequence in mathematical terms, we will make an
additional adiabatic elimination of F'A,q leaving F' Ay as the only dynamical formic
acid species in the model.

In contrast to ref. [88], we do not explicitly consider the time evolution of protons
and hydroxide ions. Instead, we assume the dissociation of water at equilibrium at
all times. Moreover, the diffusion of protons

into the bulk solution is assumed to be so fast as to obtain a constant pH across
the double layer.

The complete chemical model for the FA oxidation reaction finally reads

FApur = FAag (5.11)
FAy+x— COy+*+2H" +2e” (5.12)
FAg + % — COuq + HyO (5.13)

Oy — COf + (5.14)
HyO+x«=0H,+H"+e (5.15)
COuq+ OHaqg — COy + 2% +e + HY, (5.16)

with reaction step (5.12) being the sum of reactions (5.8) - (5.10).

Again, reaction (5.16) does not consider any vacant site requirement as propsed
by Wojtowicz et al. [112] and as implemented later in a galvanostatic 6-variable
FA-model of ref. [160] because there is no experimental evidence that the reaction
of CO with OH requires additional unoccupied sites. According to the assumptions
made above concerning oxygen species at higher potentials this model only provides
an adequate description at low double layer potentials where oscillatory instabilities
are observed.

Fig. 5-3 depicts our chemical network in a more illustrative way: chemical re-
actions are drawn as arrows connecting the dynamical variables. The kinetics and
stoichiometry of the reactions are encoded in the number of feathers and barbs as
described in section 2. One recognizes the central role of the free surface sites. Fur-
thermore, the CO oxidation submechanism is well discernible in the lower portion of
the network diagram.

Mathematical model

The dynamical variables are the formic acid concentration at the double layer, F Ay,
the coverage of CO, ¢, and the coverage of OH, 0py. In contrast to the CO model,
however, we now aim at a simulation of potentiostatic I/U characteristics at high
ohmic resistances R as well. In chapter 4, it is shown that especially for high values
of R complex instabilities can be observed during formic acid oxidation. As outlined
in chapter 4, high values of R cause an additional IR drop and allow for the double
layer potential ¢ to vary at constant outer potential U. The double layer potential ¢
therefore has to be included in the model as additional dynamical variable.
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N
CO OH

Figure 5-3: Network diagram of the formic acid (FA) oxidation mechanism. The
species and (pseudo)reaction arrows are analogous to previous figure.

The equation for F'Ay was set up in analogy to eq. (5.5). Two reaction rate terms,
Vgirect AN Upoison, resulting from processes eq. (5.12) and eq. (5.13) contribute to the
consumption of F'Ag. The model equation reads

. 2D
FAg = 6—2FA(FAbuzk — FAa)
2000 S;,
- Ttt (Udirect + 'Upoison) . (517)

Here, Dp 4 and F Ay denote the diffusion coefficient and the bulk concentration
of formic acid, respectively.

The velocity for the direct oxidation path, vgrect, becomes after adiabatic elimi-
nation of F'Ayq

M(/)
kq e BT ? kogs.pa FAg

agF
ka €BT? + kogs.ra FAg

(1—=6co — fOon)-

Vdirect =

The parameters kg, az and kqgs,74 Tepresent the rate constant and the symmetry
factor of reaction (5.9) and the adsorption constant of F'Ay, respectively. Note that
we have neglected the expression of desorption of F'A,4 in the expression for vgirect-
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Similar to the CO model, the empirical factor f is to take care of the observed
incomplete blockage of FA oxidation by adsorbed OH.

The expression for vpeison is straightforward:

Upoison = kpoison FAg (1 —0co — QOH) (518)

The kinetic equations for the surface coverage of CO and OH are adopted from
our CO model. The only modification is the use of expression (5.18) for the CO
production instead of CO adsorption. The final equations are

eoH - kads;OH (1 - QCO — QOH) eal%(P
— ky Stot 0o oz € FT? — Kdes:om Qome™ ™ 1) R (5.19)
000 = Vpoison — kr Stat 9c0 B011 €*2 7T — kgesico o (5.20)

Although it has been shown in ref. [88] that purely chemical oscillatory instabilies,
i.e. oscillations under strictly potentiostatic conditions, are possible in the dual chan-
nel FA oxidation mechanism, if the pH is taken into account, the experimental results
in chapter 4 strongly suggest that the pH is nonessential and purely chemical in-
stabilities did not occur for the conditions used. Consequently, the modeling has to
explicitely consider the time variations of the double layer potential ¢ which requires
the introduction of an additional equation. Considering capacitive and faradaic cur-
rents and using the equation of charge conservation [160, 71, 70, 170], we formulate
the kinetic equation for ¢ as

: 1 . . . ) .
¢ = C_dl (]tot — Jdirect — Jads;OH — Jr +.7des;OH) (521)

where Cy denotes the differential double layer capacity; the j; represents the
respective faradaic currrent densities of the electrochemical reactions 5.12, 5.15 and
5.16, whereas ji+ is the total current density flowing through the cell. Note that
reduction currents and oxidations currents are written with a negative and positive
sign, respectively.

The general expression for the j; is given by

Ji =n F Stor v;. (5.22)

with n and v; denoting the number of electrons exchanged in the reaction and the
reaction rate, respectively.

Finally, in order to model potentiostatic conditions, an expression for ji,: in de-
pendence of the constant outer potential U is required:

U-¢

Jrot = (5.23)
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parameter | value unait
aq 0.4 —
a2 0.5

Kads oH 7.72 x 1073 -2.5PH | 1/s
Kdes,om 3.0 x 10% - 0.25P7 | 1/s

kads,co 1.0 x 10° I/mol s
Kaes,co 1.33 x 103 1/s

ky, 5.06 x 10® - 3.1PH | em?/mol s
f 0.99 —

Table 5.2: Parameters used in simulations of the CO oxidation. The same values
(except kqas;co and f) were also used in simulation of the FA oxidation model.

parameter | value unait
Dpa 2.5 x107° cm? /s
Ca 20 x 1076 F/em?
A 0.625 cm?

) 2x107%/3x 1072 | em
FAbullc 0.05 mol/l
a3 0.5 -
Kpoison 6 — 60 [/mol s
Kads,F A 1.3 x 10° [/mol s
kq 9.03 x 1074 - 3.1PH | 1/s

f 0.995 -

Table 5.3: Parameters used in simulations of the FA oxidation model. All remaining
parameters are given in Table 5.1or in the figure captions of the respective calcula-
tions. The value of § depends on stirring. Kpoison Was chosen differently in order to
model the different surface orientations.

R denotes the ohmic resistance caused by low ionic concentrations or by an outer
ohmic resistor in series with the electrochemical cell; A stands for the area of the
electrode.

5.5 Analysis of the formic acid oxidation model

Tables 5.2 and 5.3 show the model parameters used during the numerical analysis
of the FA model. The unknown kinetic constants oz, f, kg, kpoison and kqgs;pa were
adjusted and optimized in the simulations. The remaining parameters (pH and scan
rate) are given when discussing the simulations. All bifurcation diagrams were com-

puted using AUTO [109].
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5.5.1 Oscillatory instabilities in scanned and stationary //U curves

In Fig. 5-4a, a scanned (arrows indicate the scan direction) as well as a stationary I/U
curve are shown for R = 3009, kpoison, = 60,pH =1 and a scan rate of v = 10mV/s.
The thickness of the diffusion layer § was chosen to be large (3 - 1072) corresponding
to unstirred conditions. The outer potential U was cycled between 0 and 1V.

From Fig. 5-4a it can be seen that as U increases, the current I slowly increases
beyond U = 0.5V which corresponds to the ’ignition’ potential of OH adsorption in
our CO simulations. At higher values of U, the current starts exhibiting sharp spikes
until it rapidly falls off to a low, but still finite value of I. This deactivated state is
characterized by a 8o = 1. On the reverse scan, the current remains low down to
U =~ 0.63V, then shoots up rapidly performing a periodic spiking. Now, the surface
becomes increasingly blocked by adsorbed CO.

The stationary I/U in Fig. 5-4a is seen to be between the anodic and cathodic
scan. It corresponds to a hypothetical CV measured with v going to zero. The line
style of the stationary curve encodes the stability of the system. A solid (dashed)
line symbolizes stability (instability). The solid triangle shows where the oscillatory
instability sets in. On the cathodic scan, the current follows the limit cycle behavior
immediately after the system has passed the lower saddle node and has jumped to
high currents, whereas on the anodic scan, the limit cycle past the Hopf bifurcation
needs more time to dominate the behavior of the scan before the current falls off
onto the predominantly OH-covered steady-state branch as the limit cycle disappears
(U~ 0.73V).

More detailed insight into the bifurcation behavior of the limit cycle is provided
by the one-dimensional bifurcation diagram shown in Fig. 5-4b. The steady state
values of o are plotted against U. The amplitude curve (dotted-dashed) is seen
to increase with increasing U until it reaches its maximum and coincides with the
unstable saddle curve. Beyond that point, the limit cycle disappears. This scenario
is reminiscent of a collision of a stable limit cycle with a saddle point resulting in the
destruction of the limit cycle in a so-called saddle-loop infinite-period bifurcation.
Hence, Fig. 5-4b confirms the conjecture as to the type of bifurcation occuring at the
upper boundary of the oscillatory region. A typical time series of the stable limit
cycles is shown in Fig. 5-5.

The simulated CV in Fig. 5-4a as well as the sustained current oscillations are
seen to resemble the experimental findings on Pt(100) shown in Fig. 4-8

Fig. 5-6 illustrates the effect of an external ohmic resistance in series to the elec-
trochemical cell. For parameters of Fig. 5-4, the voltammetric profile was calculated
for R = 102 and R = 50082. One clearly recognizes the emergence of oscillatory
current spikes for increasing values of R similar to experimental findings of the pre-
vious chapter. Also, current spikes are visible on both the anodic and cathodic scan
resembling the experimental situation on the Pt(100) crystal.

Next, we report the model dynamics for a smaller rate constant of the poisoning
reaction (5.13). This is done because the rate of poisoning was found to be a cru-
cial structure-sensitive parameter and was reported to be much smaller on Pt(111)
compared to Pt(100) [169]. We chose kpoison = 6 and R = 70082 leaving all other
model parameters as in Fig. 5-4. The scanned CV as well as the hypothetical sta-
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Figure 5-4: a) Calculated CV and stationary /U curve for the FA oxidation model
(eq. (5.17)-(5.23)). The anodic and cathodic scans are indicated by arrows. Sharp
current spikes are seen during both scan directions. Furthermore, a hysteresis between
a low-current steady state and an oscillatory high-current state is observed. Model
parameters (see also Table 5.2 and 5.3): T=298 K, pH=1, § = 3 1072, R = 3002,
Epoison=60 1/mols, scan rate 10 mV/s. The stationary curve corresponds to an in-
finitely slow scan rate. The transition between stable current behavior and oscillatory
current behavior was found to be a Hopf bifurcation point (solid triangle, U = 0.6V)
at low values of U. The stationary curve further shows the experimentally unacces-
sible unstable steady state branch (dashed line) which undergoes two saddle node
bifurcation (U = 0.74V,U = 0.64V") before regaining stability on the low-current
branch. b) Calculated one-parameter bifurcation diagram of the FA model for model
parameters as given in a). The steady state coverage of OH, 0oy is plotted against
the applied potential U. The solid dashed lines indicate stability and instability, re-
spectively. The dotted-dashed line shows the amplitude of the stable periodic orbits
born in the Hopf bifurcation. At the value of U where the dotted-dashed line dis-
appears 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.
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Figure 5-5: Calculated time series at constant outer potential U = 0.7 V. All other

model parameters as given in Fig. 5-4.

tionary I/U behavior are shown in Fig. 5-7a. Periodic current variations are only
discernible during the anodic scan. Sweeping cathodically, the current density sim-
ply jumps discontinuously from the low-current near the high-current steady state
without showing any damped periodic behavior. This behavior becomes clear when
looking at the stationary I/U curve and its stability: the Hopf bifurcation (0.77 V)is

I,_.._,_,_. S
I
8
TS P ;
1 ! i
__I: b |Il ' |
. N 1
= | |I |I 1 |
£ [T '
= [ !
e | JI',l -’ . ! -
q- 1 Wl Lt
I| | -
] R |
[ |
4 !
yp- e = !
- 1 ~ J—
ER nh o o) L g
L - l",'

Figure 5-6: Calculated CV for parameter of Fig. 5-4 for two different values of the
ohmic resistance R. Clearly visible is the emergence of oscillatory current spikes upon
increasing R associated with a shift of the I/U characteristic to higher potentials.
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now located to the right of the low-current saddle-node bifurcation (0.71V'). Hence,
the regime of stable oscillations is inaccessible on the cathodic potential scan.

The bifurcation diagram shown in Fig. 5-7b reveals a very similar bifurcation
sequence as before. The time series at U = 0.9 V seen in Fig. 5-8 shows stable current
oscillations which are characterized by a comparatively fast increase of I followed by
an initially very slow decrease; the decrease of current is considerably accelerated
before the current starts rising again.

A comparison of the numerical CV and of the oscillatory waveform (using a small
rate of poisoning) with the experimentally measured CV on Pt(111) (Fig. 4-10) reveals
a qualitative agreement.

By looking at the phase relations of the kinetic variables the descriptive interpre-
tations are to be checked that have been put forward to explain oscillatory behavior
in the FA system [160, 88, 132, 130, 131]. Fig. 5-9a, b and ¢ show the time evolution
of 8co,00m,FAg and ¢ for the parameter values used in Fig. 5-8. The variables
Oom and ¢ are nearly in phase suggesting 8o to be a fast variable which follows the
variations of ¢ almost without delay. The potential independent CO production, in
contrast, appears to proceed on a much slower time scale and exhibits a considerable
phase shift. The slow increase of 8¢ is accompanied by the simultaneous slow in-
crease of the ¢ and 6pp. At a threshold value of ¢, a very fast adsorption of OH sets
in leading to a simultaneous shoot up of the total coverage and ¢. Being consumed
by the reaction which carries the major portion of the overall current density, F'Ay
is high whenever the total surface coverage is high and consequently the value of I
is low. F'Ag exhibits an anti- phase behavior compared to 8co: During the slow
increase of 8o F'Ag falls off at a similar rate.

5.5.2 Bifurcation Analysis and Oscillatory Submechanisms

Complex dynamics of chemical reaction networks is often the result of an interaction
of more than one unstable feature within the mechanism. A decomposition of the
complex network into simpler networks helps to extract possibly different sources
of instabilities [33]. The knowledge of the dynamics of such subnetworks then can
provide an understanding of the observed behavior of the full chemical network.

In this section we show how the complete FA mechanism (eq. (5.17),(5.19),(5.20),(5.21))
can be decomposed into two suboscillators which consist of the same source of insta-
bility (autocatalysis) but exhibit different negative feedback loops. Their respective
contributions to the observed overall dynamics is described and related to the exper-
imental findings of the previous chapter.

Bifurcation behavior of the full FA mechanism

Fig. 5-10 depicts a two-parameter bifurcation diagram of the full FA model under
unstirred conditions (§ = 3 - 1072) in dependence of the parameters U and R. The
large value of ¢ ensures that the variable F'Ay; is time-dependent and therefore con-
stitutes an essential variable. The parameters apart from those given in Table 3 are:
kpoison = 10, pH=3. The solid, dotted and dashed-dotted line denote the locations
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Figure 5-7: a) Calculated CV and stationary I/U curve for the FA oxidation model.
The anodic and cathodic scans are indicated by arrows. Broad current spikes are
seen on the anodic scan only. A broad hysteresis between a low-current steady state
and an oscillatory high-current state is observed. Model parameters (see also Table
5.2 and 5.3): T=298 K, pH=1, § = 3 1072, R = 7008, kpoison=06 1/mols, scan rate
10 mV/s. The solid and dashed stationary curves denote stable and unstable steady
states. the solid triangle symbolizes the location of the Hopf bifurcation (U = 0.77V).
b) Calculated one-parameter bifurcation diagram of the FA model for model param-
eters as given in a). The steady state coverage of OH, 6oy is plotted against the
applied potential U. 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 value of U where the dotted-dashed line dis-
appears the limit cycle collides with the saddle in a saddle-loop bifurcation. Beyond
this potential values there is no stable state other than the low-current, OH-covered
steady state.
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Figure 5-8: Calculated time series at constant outer potential U = 0.9V. All other
model parameters as given in Fig. 5-7.

of saddle-node Hopf and saddle-loop infinite period bifurcations, respectively. Cut-
ting the two-parameter plot along the ordinate at a sufficiently high value of R, one
recovers one-dimensional bifurcation plots as given in Fig. 5-4b and 5-7b: sustained
oscillations set in at the Hopf bifurcation line. With increasing U the limit cycles
increase in period remaining stable up to the location of the saddle-loop bifurcation
where the current oscillations disappear. Beyond this point the system falls off to the
low-current steady state as described before. From Fig. 5-10 it is important to note
that for values of R smaller than = 452 there are no dynamical instabilities.

Suboscillator 1

In section 3 we mentioned that small values of the diffusion layer thickness ¢ can be
used to simulate strong stirring of the electrochemical bulk electrolyte [48]. Moreover,
a small § causes the diffusion fluxes to be large resulting in a rapid compensation of
variations in concentrations of the variable F'Ag. Hence, one expects FAg to be
nearly constant. In fact, experimentally, strong stirring is known to provide a quasi
constant concentration of the electroactive bulk species. Simulating strong stirring
(with § = 2 -10~% cm) the concentration of F' Ay remained nearly constant at the bulk
value of 0.05 mol/l. As a species of constant concentration F'Ay does not constitute a
model species essential for the observed dynamics [33]. The reduced network diagram
showing the essential species and reactions as black arrows and symbols is shown in
Fig. 5-11a, whereas the nonessential species and (pseudo)reactions are shown in grey.
The figure illustrates that under stirred conditions the observed dynamics is not based
on the full model but instead stems from the dynamics of the black submechanism.
The black subnetwork will henceforth be referred to as suboscillator 1.

A two-parameter bifurcation plot shown in Fig. 5-12a was calculated using the
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same set of model parameters as in the previous figure except for the values of 6.
Although the cusp is slightly shifted towards smaller values of R and the potential
region of stable limit cycles is slightly smaller, the diagram reveals a qualitatively
very similar bifurcation structure as found for the full model. For a later discussion
it is important to note that the Hopf bifurcation of suboscillator 1 is found on I/U
curves with positive slope similar to the findings at large ¢ (unstirred conditions).

Suboscillator 2

We investigate the behavior of another submodel of the full FA mechanism. The
simplified mechanism is obtained by setting the reaction rate of the poisoning reaction
and consequently fcp constant to zero. This turns 6o into a nonessential species
as discussed in ref. [33]. The chemical part of the remaining submodel (from now
on referred to suboscillator 2) is shown by the black species and arrows in Fig. 5-
11b. As with suboscillator 1, the chemistry of suboscillator 2 is complemented by the
equation for ¢. Since we want F'Ag to be an essential model variable, we aim at a
simulation of unstirred reaction conditions; this is achieved by simply setting § back
to 3 -1072 cm. The two-parameter continuations of the local bifurcations are shown
in Fig. 5-12b. The reduced set of chemical reactions is still able to exhibit limit cycle
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Figure 5-9: Calculated time series of the four model variables at constant outer
potential for parameters as in Fig. 5-7, a) dashed line: 0oy, dotted dashed line: O¢0,
b) FAdl, C) ¢dl-
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oscillations when interacting with the electrical variable ¢. Although the location
of the saddle-node bifurcations are similar as before, the oscillatory region is now
very small compared to suboscillator 1 or to the unstirred full FA model. Again, the
presence of a sufficiently large ohmic resistance R is necessary to induce instabilities.
The bifurcation sets of Fig. 5-12b represent a cross-shaped phase diagram which is
frequently encountered in the bifurcation behavior of oscillatory chemical systems
[44].

Setting § = 2 - 10~ cm, the value of F Ay can nearly be kept constant at the
bulk concentration. The bifurcation diagram now shows the saddle-node curves as
before, but no Hopf bifurcation is found. Obviously, sub-oscillator 2 is a minimal
oscillator with F'Ag being an essential species. This result further indicates that
the saddle-node bifurcations and consequently the bistability are solely due to the
interaction of the fast potential-dependent ad/desorption of OH in the presence of an
ohmic resistance R and a current providing process such as given by eq. (5.12).
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Figure 5-10: Two-parameter bifurcation diagram of the complete FA model using
§ =3 102, Fpoison=10 1/mols, pH=3. All other parameter as before. The solid
line, dashed line and the dotted-dashed line indicate the location of the saddle-node
bifurcations, the Hopf bifurcations and the saddle-loop bifurcations, respectively. All
three curves meet in a Takens-Bogdanov point close to the cusp.
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Figure 5-11: a) Network diagram of suboscillator 1. Only the black species and
reactions are essential for the model dynamics. The grey species and reactions ,i.e. the
variable F'Ay as well as the diffusional transport reactions, have become nonessential
by setting é to a very small value thereby keeping F' Ay at its bulk concentration. b)
Network diagram of suboscillator 2. Similar to a), only the black species and reactions
are essential for the dynamics and are responsible for the observed dynamics. The
rate of the poisoning reaction has been set to zero. Consequently, 0o as well as the
rate of the removal reaction is zero.

5.5.3 Mixed-mode oscillations

Having investigated the bifurcation behavior of the minimal sub-oscillators 1 and 2
we come back to the dynamics of the full FA model under unstirred conditions. One
would expect that the dynamics of the full FA model under unstirred conditions should
be affected by the individual behavior of both minimal oscillators. For values of U
and R far from the cusp bifurcation, one would expect a dynamical behavior similar
to that of sub-oscillator 1 as confirmed in Fig. 5-10. Near the cusp, however, where
both oscillatory submodels exhibit sustained limit cycles, a more complex dynamical
regime is to be expected. Two calculated times series for R = 502 and for two closely
adjacent values of U are shown in Fig. 5-13a and 5-13b. These current oscillations are
characterized by the occurrence of a number of small-amplitude sinusoidal oscillations
interspersed with a fast and large relaxational current spike. This phenomenon is
known as mixed-mode oscillations and has frequently been observed in models and
experiments of chemical and electrochemical oscillators [177, 70, 178, 23, 160, 159].
A comparison of the waveforms of the two minimal oscillators and the mixed-mode
oscillations for the given parameters indicates that the small-amplitude oscillations
stem from sub-oscillator 2, whereas the large relaxational spikes are due to submodel
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Figure 5-12: a) Two-parameter bifurcation diagram of suboscillator 1 using § =
2104, Epoison=101/mols, pH=3. All other parameters and linestyles as in Fig. 9. b)
Two-parameter bifurcation diagram of suboscillator 2 using § = 3 1072, kpoison=10
1/mols, pH=3. All other parameters and all linestyles as in Fig. 5-10.
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Figure 5-13: Time series for R = 5002 at different values of U. All other param-
eters as in Fig. 5-10, a) mixed-mode oscillations (MMOs) characterized by one
large-amplitude and two small-amplitude oscillations (1% state) at U = 432.1mV,
b) mixed-mode oscillations characterized by one large-amplitude and three small-
amplitude oscillations (1% state) at U = 432.1155mV, c) aperiodic oscillations at
U =432.118mV.

1. Inbetween stable mixed-mode regimes as shown in Fig. 5-13a, there are nonperiodic
regimes as shown in Fig. 5-13c.

5.6 Discussion and comparison to experiments

CO-oxidation. The model calculations on CO oxidation show that the assumption of
a vacant site requirement in the kinetic rate law of reaction 5.4 is not needed; this
assumption has frequently been made in previous FA studies [112, 160, 131, 157, 158]
in order to account for the sharp rise in current density. Rather, the results in
section 3 suggest the sharp current peak to be due to a delayed OH adsorption
which appears reasonable in view of a dense poisoning CO coverage. The vacant
site mechanism would predict bistability under truly potentiostatic conditions in the
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presence of stirring, which was not observed in chapter 4. Hysteresis, which may be
interpreted as evidence for bistability, was only obtained in the absence of stirring.
More recently, Okamoto et al. [174] suggested that OH (or H2O) adsorption can only
occur if CO is preadsorbed. We have found no evidence for such an assumption. In
any case the model used (section 2,3) was able to reproduce the experimental I/U
curves using standard adsorption terms.

formic acid ozxidation. The model calculations revealed that the simple FA model
is capable of reproducing the qualitative and many semi-quantitative features of the
experimental FA oxidation system. The value of the rate constant of the CO poi-
soning kpeison turned out to be a crucial parameter for the shape of the calculated
cyclovoltammograms and the waveforms of the current oscillations. At high values of
Epoison, both the scanned I/U curve and the stationary current oscillations resemble
experimental findings on Pt(100) (see Fig. 4-8). 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 consistent with chemical prop-
erties of Pt single crystal surfaces insofar as the rate of poisoning on Pt(100) is known
to be larger than on the other two low-index single crystals [169]. The 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 high
potentials U the oscillations disappear abruptly with finite amplitude in a saddle-
loop bifurcation. At lower values of kpison, the shape of the I/U curve changed in
that no current spikes are seen on the cathodic scan, whereas large-period oscillations
dominate the anodic scan. These results are consistent to experimentally measured
cyclovoltammograms and oscillations on Pt(111) (see Fig. 4-10) where CO poisoning
is known to proceed slowly. As for the phase relations of the chemical species, Fig.
5-9 confirmed the qualitative interpretations proposed in chapter 4. Furthermore,
the numerically obtained bifurcation diagram in Fig. 5-10 is in agreement with the
experimental bifurcation behavior (Fig. 4-13) with respect to the relative location of
the different dynamical regimes.

mechanistic analysis. In section 5, two oscillatory electrochemical subnetworks
have been found to be present in the full FA model when § was large (non-stirred
conditions). Suboscillator 1, whose chemical part included the species and reactions
shown in Fig. 5-11a as well as the double layer potential ¢, was obtained when § was
chosen to be very small. In this case, the volume species F'Ag became nonessential
for the dynamics and the remaining oscillatory subnetwork involved chemical surface
species only. This means that suboscillator 1 is independent of stirring.

Suboscillator 2, in contrast, was found to consist of the chemical species and
reactions shown in Fig. 5-11b (as well the electrochemical variable ¢) ; the network
involves the volume species F'Ay (which is sensitive to stirring), whereas 0co is
nonessential. As for suboscillator 1, the fast reversible adsorption of OH remained
essential for oscillations.

In general, oscillatory behavior requires the simultaneous presence of a fast pos-
itive as well as a slow negative feedback loop. For both oscillatory submechanisms
1 and 2, the fast positive feedback is given by the interplay of the free surface sites
and the electrical variables ¢ and I as shown in Fig. 5-14a. A solid (dashed) arrow
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Figure 5-14: a) Positive feedback loop of both suboscillators. Solid arrows represent
a positive , whereas dashed arrows indicate negative effect. The regulations can be
viewed as matrixelements of a jacobian. Free surface sites affect the total current via
the direct oxidation path. I effects ¢g; via the ohmic resistance and ¢4 feeds inversely
back to the free surface sites due to the negative differential resistance. b) Negative
feedback loop of suboscillator 1. The loop contains the slow chemical species C'Oyq.
c) Negative feedback loop of suboscillator 2. The loop includes the slow chemical
species F'Agy.

indicates a positive (negative) influence. The arrows can also be pictured as rep-
resentations of Jacobian elements between the variables shown. A feedback loop is
given by the product of all Jacobian elements along the loop; thus, an even number
of negative elements leads to positive, an odd number to negative feedback loops.

The positive feedback loop in Fig. 5-14a operates as follows: Since the direct
oxidation path eq. (5.12) is the main current-carrying reaction, an increase of the
number of free sites results in an increase in the total current I. An incrasing current
I, however, lowers ¢ which then leads to more free surface sites due to OH desorption.
The potential dependent ad- and desorption of OH (in the presence of any current-
carrying reaction) is seen to be crucial for a negative regulation between ¢ and I
(dI/d¢ < 0). This, however, is equivalent to saying that the ad- and desorption of
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OH constitutes the source of the NDR which is known as crucial prerequisite for an
electrochemical instability.

In the case of suboscillator 1, the negative feedback loop is depicted in Fig. 5-14b.
Again, the arrow style encodes the sign of the respective regulations. Now, a chemical
species (CO) participates in the cycle whose rate of change occurs on much slower
time scale compared to the fast electrical variables ¢ and I. This slow chemical time
scale determines the time scale of the entire loop leading to a slow negative feedback.
Finally, the negative feedback loop of suboscillator 2 is shown in Fig. 5-14c. Again, a
slow chemical species (F'Ay;) is rate determining for changes along the feedback cycle.
It is clearly seen that, if the variable F'Ay is nearly kept constant due to small values
of 6, the negative feedback loop breaks down and oscillations disappear, whereas the
positive feedback loop is still active and leads (in combination with the remaining
chemical reactions) to bistability.

The oscillatory region in parameter space of suboscillator 1 was seen to be very
similar to that observed for large values of § (non-stirred conditions). Obviously, the
dynamics of the unstirred FA system is mainly dominated by suboscillator 1. The
oscillatory region of submodel 2, in contrast, was smaller overlapping with that of
suboscillator 1 in a parameter region near the cusp. For parameters inside or close
to this overlapping region, the dynamics of the 'non-stirred’ model (large ¢) should
be expected to be governed by both oscillators. In fact, the results of section 5.3
confirmed the presence of a parameter region of mixed-mode oscillations (MMO). Tt
should be noted that the MMO parameter region was small similar to what has been
found in ref. [178]. As observed in other models of electrocatalytic systems [70, 178],
there are also nonperiodic regimes adjacent to mixed-mode behavior.

The results given in the previous paragraph offer a consistent interpretation of
the experimentally observed stirring effects: The experimental period-1 oscillations
were generally found to be independent of stirring. This corresponds to the period-1
oscillations of suboscillator 1 which are independent of the diffusion layer thickness
6. Moreover, in experiments the MMOs were found to transform into period-1 oscil-
lations as stirring was switched on. With stirred electrolyte MMOs have never been
observed. This corresponds to the above results in that the mixed-mode behavior
without stirring is due to the interplay of suboscillator 1 and 2; as stirring is switched
on, the negative feeedback of submodel 2 is suppressed, whereas suboscillator 1 sur-
vives.

mechanistic classification. In refs. [29, 74], a classification of electrochemical os-
cillators was undertaken. Besides systems which are already oscillatory or bistable
under strictly potentiostatic conditions (not relevant for the present discussion), two
categories of electrochemical oscillators were described which require a negative differ-
ential resistance dI /d¢ for an instability to occur. The first category includes systems
that exhibit a negative slope in steady-state I/U-characteristic. Current oscillations
[64] are only observed on the branch of negative slope. Under galvanostatic conditions,
these systems show bistability only. Examples of oscillatory systems which fall into
this category are the oxidation of peroxodisulphate or the reduction of metal cations
in the presence of anionic catalysts [71, 172, 64, 173]. Following a recent suggestion
[27] these systems are referred to as NDR oscillators. The second category comprises



The formic acid oxidation - Modeling 103

systems that exhibit current oscillations on a branch of positive polarisation slope.
They exhibit potential oscillations under galvanostatic conditions, as well. In their
steady-state characteristics the negative impedance of the fast process is hidden by a
process on a slower time scale which shows a positive polarisation slope. Therefore,
these systems are said to have a ’hidden’ negative impedance and following [27] can
be referred to as HNDR oscillators. A typical example for this category was found to
be the oxidation of Hy in the presence of metal cations (Cu?*, Bi**) and halogenide
anions [29].

According to this categorization, suboscillator 1 of the FA mechanism can be
considered as a further example of a system with ’hidden’ negative impedance. Cur-
rent oscillations occur on branches of positive polarisation slope; under galvanostatic
conditions, suboscillator 1 exhibits sustained potential oscillations. It is interest-
ing to note the analogy between the mechanistic roles of the species in suboscil-
lator 1 and the Hs oxidation system. Similar to Cl~ during hydrogen oxidation,
the fast ad/desorption of OH is responsible for the existence of a branch of nega-
tive impedance; the slower poisoning and reactive removal of CO in suboscillator 1
corresponds to the potential dependent ad/desorption of the metal cations, and the
diffusion limited Ho oxidation current and the direct oxidation path of FA consti-
tute the current carrying processes of the respective oscillators. In suboscillator 2,
the current carrying process as well as the process leading to a branch of negative
impedance are the same as in suboscillator 1. The negative feedback species (volume
species FA ), however, is now directly involved in the current carrying precess, simi-
lar to findings in the peroxodisulphate oscillator (first category). In the simulations,
current oscillations occur on I/U branches of negative slope and at low stirring rates
only, whereas under galvanostatic conditions, no potential oscillations are observable.
Obviously, the FA oxidation model without stirring combines two oscillators, one from
each category.

The observed phase diagrams of the two submodels are consistent with recent
suggestions by Koper [74] as to the relation of oscillator category and bifurcation
behavior. According to ref. [74], oscillators of the first category (suboscillator 2)
exhibit a cross-shaped phase diagram, whereas in the second category (suboscillator
1) “ the symmetry between the potential-dependence of the charge balance of the
electrified interface and the mass balance of the electroactive species” is broken, and
a different bifurcation scheme is obtained (Fig. 5-12).

The foregoing discussion strongly suggests a conclusion regarding the minimal
mechanistic requirements for an electrocatalytic oscillator of the two categories con-
sidered here [74]: oscillators with ’hidden’ negative impedance require

1. a current-carrying process (such as the direct FA oxidation or the Hy oxidation
for suboscillator 1 and the Ha system, respectively) which may or may not
depend on the potential ,

2. a process on a time scale comparable to that of variations of ¢y which is re-
sponsible for the occurrence of the negative differential resistance (fast potential-
dependent ad/desorption of OH or halogenides) and
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3. a slower potential-dependent process exhibiting a positive current/potential
characteristic (adsorption and reactive removal of CO or ad/desorption of metal).

Oscillators of the other category (perozodisulphate-type), however, usually include

1. only one potential-dependent process of positive polarisation slope which in-
volves a slow electroactive species as educt and simultaneously serves as
the current-carrying reaction (direct FA oxidation and peroxodisulphate
oxidation) as well as

2. some mechanistic feature which causes a negative impedance (fast OH ad/desorption
in the case of suboscillator 2 or Frumkin correction term for the SQng oxidation
[29]).

These conclusions allow systematic predictions as to whether or not the mechanis-
tic structure of an electrochemical system is in principle able to show oscillations for
an appropriate choice of parameters. In chapters 8 and especially 9, where a compris-
ing categorization of electrochemical oscilators will be described, it will be seen that
these criteria of can be further refined as further oscillator classes, new subclasses
within the HNDR group and generally more characteristic mechanistic features are
introduced. There, a systematic operational procedure will also be developed which
greatly helps identify the category of an unknown electrochemical oscillator.

5.7 Summary

We have formulated a realistic kinetic description of formic acid oxidation under
potentiostatic conditions. Many experimental features such as cyclovoltammograms,
waveforms of oscillations, bifurcation behavior, mixed-mode oscillations and stirring
effects were reproduced in numerical simulations. A mechanistic analysis of the model
revealed that the interplay of two suboscillators is responsible for the observed model
dynamics. Finally, a classification of the suboscillators allowed the categorization of
the FA system with respect to other electrochemical oscillators.



