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Electrochemical reduction of HO, on Pt electrodes shows a variety of oscillations, depending on the electrode

potential, electrode illumination, the atomic-level flatness of the electrode surface, and the presence or absence of metal
atoms and halogen atoms adsorbed to submonolayer amounts on the electrode surface. This is a unique feature of this
oscillating system, helpful for deeper understanding of oscillation phenomena. In this article, the fundamental behavior
and mechanism of oscillations, named oscillations A and B, for polycrystalline Pt electrodes are first described. A
mathematical simulation for oscillation A shows clearly the presence of a positive feedback mechanism and an important
role of adsorbed hydrogen atoms, called upd-H. The behavior of oscillation A, especially the oscillation period, is changed
by electrode illumination, application of weak external potential pulses, and coupling with other oscillation systems. The
oscillation period is also altered by adsorption of foreign metal atoms such as Cu, Ag, Au, and Ru on Pt to sub-monolayer
amounts. New-type oscillations called oscillations C and D appear when small amounts of halide ions are added to the
solution. The appearance of oscillations C and D is explained by assuming a catalytic effect of adsorbed halogen atoms
and an autocatalytic effect of adsorbed OH group on the H,O, reduction. Another new-type oscillation is observed when
an atomically-flat single-crystal Pt(111) electrode is used. These results clearly show an important role of atomic-level
structures of the electrode surface in electrochemical oscillations.

Chemical and electrochemical oscillations have attracted
growing attention as a typical example of non-linear phe-
nomena. Chemical reactions in oscillating systems proceed
synchronically in an in-phase mode, sometimes showing
beautiful spatiotemporal patterns such as growing vortexes.
Thus the oscillatory systems can be regarded as an appear-
ance of dynamic self-organizing ability of molecular sys-
tems. Detailed investigations will give new insights into
understanding of dynamic and highly organized molecular
systems including living bodies and their functions.

Though the most famous oscillatory reaction, called the
Belousov—Zhabotinsky reaction, is observed in a homoge-
neous solution,? a large number of oscillatory reactions
have rather been observed in heterogeneous systems such
as electrochemical reactions and catalytic reactions on solid
surfaces, as summarized in recent reviews.™ Moreover,
electrochemical oscillations have great advantages for mech-
anistic studies, in that the oscillations and their coupling can
be easily detected by measuring the electrode potential and
current and that the Gibbs energies of reactions, which play
a crucial role in oscillatory systems, can be changed contin-
uously by shifting the electrode potential.

Electrochemical oscillations have been reported for var-
ious reactions such as anodic metal dissolution,®’ cathodic
metal deposition,® oxidation of hydrogen®!® and small or-
ganic compounds,'* and reduction of hydrogen perox-
ide'*~" and peroxodisulfate.”” We have studied electrochem-
ical oscillations for reduction of hydrogen peroxide (H,0O,)
on Pt electrodes. Only a few studies'”'® were reported on
the “H,O,—acid-Pt electrode” oscillation system, concern-
ing “oscillation A” described below, before our work. We
have found a variety of oscillations of different types, named
oscillations A, B, C, D, and E, depending on the electrode
potential, the atomic flatness of the electrode surface, and
the presence or absence of foreign metal atoms and halogen
atoms adsorbed to submonolayer amounts on the electrode
surfaces.”' ‘

The “H,0,—acid-Pt electrode” oscillation system is of
much interest in the following respects: (1) The Pt electrode
is stable during oscillations, only acting as an electrocata-
lyst. (2) The oscillations are caused by some fundamental
reactions such as hydrogen evolution, hydrogen adsorption,
and H, O, reduction, which have been relatively well studied.
(3) A variety of oscillations of different types are observed,
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as mentioned above. Their comparative studies under com-
mon experimental conditions must be helpful for a deeper
understanding of oscillation phenomena.

In the present paper, we survey our recent studies on the
electrochemical oscillations for H,O, reduction on Pt elec-
trodes. The purpose of this review is to show the general
behavior and the main features of the electrochemical os-
cillations, such as positive feedback mechanism, autocat-
alytic mechanism, and strong surface-structure dependence.
Besides this purpose, one can understand through this re-
view that studies of electrochemical oscillations are effective
not only for exploration of non-linear phenomena but also
for clarification of mechanisms of electrochemical reactions
themselves.

1. Oscillations Observed for Polycrystalline Pt Elec-
trodes

1.1. Fundamental Behavior and Reaction Models for
Oscillations A and B.  Let us first describe the behavior of
oscillations observed for polycrystalline Pt electrodes.”' =
The electrochemical oscillations can be measured by a sim-
ple experimental setup such as that shown in Fig. 1. A Ptdisc
(or wire or plate) can be used as the working electrode, to-
gether with a Pt plate as the counter electrode and a saturated
calomel electrode (SCE) or an Ag/AgCl electrode as the ref-
erence electrode. The electrode potential (U) or the current
(1) is regulated with a commercial potentio-galvanostat and
potential programmer. The measured current and electrode
potential are either recorded with an X-Y recorder or stored
digitally with a Mac ADIOS 1I/16 (GW Instruments) at 1 or
10 kHz. The working electrode is placed statically without
any rotating system. The electrolyte is also in most cases
kept static without any stirring system. The current (/) or
current density (j) vs. potential (U) curves are not corrected
for ohmic drops in the solution, unless otherwise noted.

Figure 2 shows j-U curves for a polycrystalline Pt-disc
electrode in 0.3 M H,SO4 (M = mol dm—3) containing H,O,
of various concentrations.”” All the curves are measured un-
der potential-controlled conditions. One can easily see how
the j—U curve changes with the H,O, concentration, or in
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Fig. 1. Experimental setup for observing an electrochemical
oscillation. )
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Fig. 2.  Current density (j)—potential (U) curves for a poly-

crystalline Pt-wire (0.3 mm in diameter and 5 mm long)
electrode in 0.30 M H,SO; containing H,O, in various
concentrations, measured under a potential-controlled con-
dition. The scan rate is 100 mVs™".

other words, under what conditions electrochemical oscilla-
tions appear. Figure 2(a) is a j—U curve in an electrolyte (0.3
M H,S0,) not containing H,O,. This is included to indi-
cate cathodic and anodic current peaks in a region of 0.00
to —0.25 V vs. SCE, which are attributable to the formation
and disappearance of electrochemically adsorbed hydrogen
atoms, called upd-H (under-potential deposited hydrogen),

K
Pt+H" +e” —=Pt-H (upd-H) (1)

k_y

where Pt represents a surface Pt site schematically. The upd-
H plays an important role in the appearance of oscillation
A, as described later. The observation of two peaks for
both the cathodic and anodic currents is characteristic of
polycrystalline Pt electrodes. It is reported that upd-H is
stable, located at three- or four-fold symmetry sites of surface
Ptlattices, and does not contribute to hydrogen evolution.?'3
A cathodic current peak at about 0.45 V in Fig. 2(a) is due to
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reduction of Pt oxide formed in more positive potentials.

When 0.1 M H,0, is added to 0.3 M H,SO, (Fig. 2(b)),
a cathodic current due to H,O, reduction appears. It starts
at about 0.6 V vs. SCE and reaches the potential-indepen-
dent current at around 0.4 V. (Note that the j scale in
Figs. 2(b), 2(c), 2(d), and 2(e) is much larger than that in
Fig. 2(a).) The following reactions can be assumed for the
H,0; reduction:

k:
2Pt + H,0, —— 2Pt-OH 1))
k
POH+H" +e~ —— Pt+H,0 (3)

Reaction (2) represents dissociative adsorption of H,O, and
can be regarded as a potential-independent process. Thus
the observed potential-independent current in about 0.4 to
—0.3 V in Fig. 2(b) can be explained by assuming that this
process is a rate-determining step. At the initial stage of our
work,”?* we assumed, according to the literature,3> 35 that
the H,O, reduction was initiated by reaction (2"),

kyr
Pt+H,0; +H +e~ —— Pt-OH + H,O @)

with the potential-independent current attributed to the dif-
fusion limitation for H,O,. However, this model was denied
experimentally,® as explained later.

In the above argument, we only considered the reduction
of Pt—-OH (or H,0O,). However, the oxidation of Pt—-OH

k,
2Pt-OH — 2Pt + 0, + 2H +2¢~ @

will become important in positive potentials, i.e., near the
onset potential of the H,O,-reduction current (ca. 0.6 V vs.
SCE). A combination of reactions (2), (3), and (4) is equiv-
alent to catalytic decomposition of H,O, into O, and H,O
on Pt. In fact, gas bubbles are evolved at the electrode sur-
face in potentials from about 0.6 to 0.4 V, indicating that the
catalytic decomposition really occurs at the Pt surface.

The j-U curve in Fig. 2(b) shows a “negative slope” in
a region from —0.25 to —0.33 V just before hydrogen evo-
lution. A similar result was reported by Koper et al.’® The
“negative slope” is located at the most negative side of the
two cathodic current peaks in Fig. 2(a), i.c., at the potential
where the surface coverage of upd-H approaches its maxi-
mum. This implies that the H,O, reduction, or reaction (2),
is strongly suppressed by the formation of upd-H. The rea-
son why upd-H suppresses reaction (2) is not clear at present
because the formation of small upd-H at hollow Pt sites will
exert almost no steric hindrance.

When the concentration of H,O, is increased to 0.3 M
(Fig. 2(c)), a current oscillation, called oscillation A, ap-
pears just in the potential region of the “negative slope”.!”*°
This suggests that oscillation A is caused by suppression of
the H,O, reduction by formation of upd-H. Figures 3 and 4
show time-courses of oscillation A at various potentials and
various H,O, concentrations, respectively. Nearly rectangu-
lar-shaped oscillatory waves are observed. Figure 5 shows
a reaction model for oscillation A on the basis of the above-
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Fig. 3. The waveform of oscillation A as a function of the
electrode potential (U). Electrode: a Pt disc of 1.0 mm in

diameter. Electrolyte: 0.7 M H,0,+0.3 M H;SO4.

mentioned idea. The high-current (in the absolute value)
state corresponds to active H,O, reduction with no upd-H
at the Pt surface, whereas the low-current state corresponds
to strong suppression of the H,O, reduction by formation of
upd-H of a nearly full coverage. This model is supported
by mathematical simulation, as explained later. It may be
noted that the oscillation period increases with a negative
shift of the potential (Fig. 3) and a decrease in the H,O,
concentration (Fig. 4).

When the concentration of H,O, is made much higher to
0.7 M (Fig. 2(d)), another oscillation, called oscillation B,
appears in a potential region of hydrogen evolution.”*?* This
implies that the appearance of oscillation B is closely related
with hydrogen evolution on a Pt electrode. It is reported®'*?
that not upd-H but another type of adsorbed H, called “on-
top H”, contributes to hydrogen evolution by the following
scheme.

ks
Pt+H +e~ kz Pt-H (on-top H) ©)
-5

k
Pt—H (on-top H) + Pt-H (on-top H) N H, (6)
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Fig. 4. The waveform of oscillation A as a function of the
H20; concentration, with the H,SO4 concentration being
kept 0.3 M. Electrode: a Pt disc of 1.0 mm in diameter.
Electrode potential: —0.32 V vs. SCE.
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Fig. 5. Reaction model for the low- and high-current states
of oscillation A.

However, mathematical simulation on the basis of these re-
actions cannot reproduce the appearance of oscillation B, as
explained later.

Figure 6 shows a time course of oscillation B.??> The os-
cillatory behavior of oscillation B is rather similar to that for
oscillation A, though the wave pattern in Fig. 6 is somewhat
modified by hydrogen-gas evolution at the electrode surface.
It is to be noted that, for oscillation B, not only the current
oscillation under a potential-controlled condition (Fig. 2(d))
but also the potential oscillation under a current-controlled
condition are observed as shown in Fig. 7(b). On the con-
trary, no potential oscillation is observed for oscillation A.
Figure 7(a) shows, for reference, a bistability characteristic
observed under a current-controlled condition in a relatively
low H,O, concentration.

ACCOUNTS

At a very high H,O, concentration of 1.1 M, oscillation
A disappears and only oscillation B is observed (Fig. 2(e)).
At an even higher H,O, concentration, both oscillations A
and B disappear. Figure 8 shows a phase diagram for the
appearance of oscillations A and B with respect to the H,O,
and H,SO, concentrations.” We can see that not only the
H,0, and H,;SO4 concentrations but also their ratios are
important for the appearance of oscillations A and B.

1.2. Mathematical Simulation. For deeper under-
standing of the mechanisms of oscillations, it is important
to reproduce them by mathematical simulation. The first
mathematical model for electrochemical oscillations was
proposed by Franck and FitzHugh® to explain current os-
cillations in anodic dissolution of iron electrodes in acid so-
lutions. Recently, a simpler model was developed by Koper
and Sluyters***’ for modelling oscillations involving metal
deposition*® and metal dissolution,’” and later successfully
applied to oscillating H,O,-reduction on p-CulnSe,* and n-
GaAs.* Oscillation A in the present work can be reproduced
and analyzed on the basis of this model.?

We first consider an equivalent circuit for the Pt electrode,
such as shown in Fig. 9(b), together with an expected poten-
tial profile in Fig. 9(a). The following equation is derived

according to Koper and Sluyters:**’

I=jA=(U— E)/Rqa =Ic+Ir =ACpL(AE/dD) +Ir,  (7)
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Fig. 6. The waveform of oscillation B at —0.40 V vs. SCE

for a Pt disc electrode. Electrode: a Pt disc of 1.0 mm in
diameter. Electrolyte: 0.7 M H,0,+0.3 M H,S0q.
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Fig. 9. (a) Schematic potential profile in the region between
the electrode surface and the position of SCE, and (b) an
equivalent circuit for the electrode including the above re-
gion. '

where [ is the total current, A the electrode area, j the current
density, U the (external or applied) electrode potential, E the
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true electrode potential, (U —E) the ohmic drop between the
electrode surface and the position of the reference electrode
(SCE), Rg, the solution resistance in the same place as above,
Ic = ACp(dE/dY) is the charging current, Cpy the double-
layer capacitance, and Ir the Faradaic current. Equation 7
can be rewritten as

dE/dt = (U — E)JACbLRq — Ir JACpL. (8)

Now, [ is given, by taking account of the rates of electro-
chemical reactions (1), (3), (4), and (5), as follows:

I =AF{—kiCip,(1 — O — bou) +k—1 6t — ks Cis, Oon + ks Oon”
—ksCii(1 — Bou — Ou) +k_s56u}, &

where Cjj, is the concentration of H* ions at the electrode
surface, and Opy, B, and Gy are the surface coverages of
Pt—OH, upd-H and on-top H, respectively. The quantities,
ki1, k1, ks, k4, ks, and k_5 are the rate constants for the i-th
reactions (i=1,—1,3,4,5, and —5), which can be expressed
by the Butler—Volmer equations:

fori=1,3, and 5
(10

ki(E) = kipexp [— aim: F(E — EiO)/RT]7

fori=—1,4, and —5
11

ki(E) = kioexp [(1 — a;)n:F(E — Ei) /RT],

where kj is the rate constant at E = Ej, Ej the equilibrium
redox potential for the i-th reaction, ¢; the transfer coeffi-
cient, n; the number of transferred electrons, F the Faraday
constant, R the gas constant, and 7 the absolute temperature.
We can assume for simplicity that & = 1/2 for all reactions.
Because reactions 1 and —1 (and 5 and —5) are reverse re-
actions to each other, we obtain E1g = E_jg and Esg = E_5.

In oscillating reactions, j, E, Cj,, Cjo (the concentra-
tion of H,O, at the surface), fon, B4, and Gy are taken as
time-dependent variables. The time dependence of C}y, is
expressed as follows:

(8n0/2)dCyyo/dt=(Dro/ 30)(Chio — Chio) — k2 Clio(1 — G — fou)’,
(12)

where Dyo is the diffusion coefficient for HyO,, dgo the
thickness of the diffusion layer for H,O,, and C}, the con-
centration of H,O; in the solution bulk. The first term on
the right-hand side represents the increase in Cy, by diffu-
sion, while the second term represents the decrease in Cjyg
by reaction (2). The introduction of (1— 0g— Gon) in the
second term expresses that reaction (2) proceeds only on a
part of naked Pt surface, as mentioned before. [Formally,
an expression of (1 — 6y — Bog— By) has to be used instead
of (1— By — Bon) because the formation of on-top H should
suppress reaction (2). However, 0y approaches unity in a
potential region where @y takes a meaningful value, and
thus the term (1 — 84 — Bog — @) becomes negative in such
a potential region owing to double counting of occupied sites.
Therefore @y was neglected.] In the first term of the right-
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hand side, we adopt a model of Nernst’s diffusion layer hav-
ing a constant thickness (Jgo), as is generally done by other
workers.5**—° This is mainly due to a limitation of calcula-
tion capacity in our calculation program. The term (Juo/2)
on the left-hand side is put to take an average of the H,O,
concentration in the diffusion layer.***’

Similarly, the time dependence of Cy, is expressed, with a
small contribution of the drift motion of H" being neglected,
as follows:

(O /2)dChi, /dt = (Dye / S )(Che — Chiy) +{ —k3Cire o
—k1 Cia (1= 6k — Bom) +h—1 G — ks Cir, (1 — Bon — On) +k_s On},
(13)

where Dy is the diffusion coefficient for H' ions, gy, the
thickness of the diffusion layer for H*, and C%, the con-
centration of H* in the solution bulk. We also obtain the
following rate equations for adsorbed OH, upd-H, and on-
top H.

Nod6ou/dr = kaChio(1 — O ~ Bon)” — kaChis Oon — ksbor”,  (14)
Nod6h/dt = ki (1 — 6 — 6on) —k_16h, (15)
Nod B /dt =ksCiy(1 — fon — On) —k_sOn —2ksO”,  (16)

where N, represents the total amount of surface Pt sites per
unit area under an assumption that it is the same for adsorbed
OH, upd-H, and on-top H.

~ Figure 10 shows results of numerical calculation in which
the external (or applied) electrode potential U is scanned at
a constant rate. Figure 11 shows results of calculation in
which U is kept constant. The parameter values used for cal-
culations are shown in the caption of Fig. 10. The diffusion
coefficients for HyOy (Dyo)**** and H' (Dy.)*® were taken
from reported values. The Ejg = E_jo was estimated from
the j—U curve as the center of the two current peaks for upd-
H (Fig. 2(a)). The Esy = E_so was also estimated from the
observed hydrogen-evolution current. There are no reported
data for the E;g and k; values. Thus the E,y was taken to be
near the onset potential of the H,O,-reduction current, and
the k;p’s were roughly estimated from the rate constants re-
ported for various metal deposition reactions (M**+ze ™ —M)
which ranged from 10! to 10~* cms~1.*

The calculated j—U curves in Fig. 10 reproduce the essen-
tial features of the observed j—U curves in Figs. 2(b) and 2(c),
i.e., the appearance of a negative slope in alow H,O, concen-
tration and that of oscillation A in a high H, O, concentration.
The calculated j—t curve in Fig. 11 also reproduces the es-
sential features of the observed curves (Figs. 3 and 4). In
addition, the calculations have also reproduced the observed
results that the oscillation period for oscillation A increases
with decreasing electrode potential (Fig. 3) and decreasing
H,O; concentration (Fig. 4). This clearly indicates that the
aforementioned reaction model (Fig. 5) is essentially valid
for oscillation A. On the other hand, the appearance of oscil-
lation B cannot be reproduced by the present calculations, as
is seen in Fig. 10(b). It is likely that another unknown factor
has to be taken into account to explain oscillation B.
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Fig. 10. Calculated j vs. U and Cy vs. U curves with
U scanned at a rate of 0.02 Vs~!. Parameter values
used: CPo =0.1x1073 molem™ in (a) and 0.7x1073
molcm ™~ in (b) and (c), uo =0.01 cm, Dyo = 1.7x107°
cem®s™!, €%, =03x107° molem™3, &yr = 0.004 cm,
D =9.3x1075 cm?®s™!, A=0.01 cm?, Cpr, =2.0x107°
Fem™2, No =2.2x107° molem™2, Ro = 60Q, T=300 K,
a=0.5,n=1, kip=1.0x10"2 ems ™!, k_1o = 1.0x107>
molecm™2s™!, k =4.0x1072 ems™!, ki = 1.0x107°
cms™!, ke =1.0x107% molem 257!, ksp = 5.0x1073
cms™!, k_s0=5.0x10"% molem™2s7!, ks = 5.0x107°
molem™2s™!, Exg=FE_10= —0.19 V vs. SCE, E3 =0.8
V,E4 =04V, and Eso = E_sp = —0.3 V. Almost the same
results are obtained under an assumption of Cy, = Ch..

Figure 12 shows, for reference in later discussion, the
calculated Oy vs. E relation.” If the forward and backward
processes for reaction (1) are in equilibrium at every potential
E, the following equation holds:

kG (1 — G) = k1 6, an

under an assumption that foy is nearly zero in a potential
region where upd-H is present. By using Eqs. 10 and 11 for
ki and k_; together with @ =1/2, n=1 and Ejo = E_19, we
obtain the following expression for Gy:

O = 1/[1+ (k—10/ki010)exp {(F/RT)(E — E1o + SpH")}1, (18)
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where (k_19/ki0107%)= 1, B = RT(In. 10)/F=0.059 V at
300 K, and pHE is the solution pH near the electrode surface.
In Fig. 12, not Eq. 18 but the following equation

Ou=1/[1+exp {b(E — Eio+ SpH)}] 19

is plotted with b taken as a parameter by taking account of
the presence of the two current peaks for upd-H (Fig. 2(a))
and hence the presence of two kinds of upd-H. We can see
that 8y changes from nearly zero to nearly one in a potential
(E) range near (Ej9— ffpH*) = —0.22 V.

1.3. Positive Feedback Mechanism in Oscillation A.
The oscillation mechanism for oscillation A can be explained
on the basis of the above results calculated.” Let us first
consider the low-current state with low j and high 6y (see
Fig. 11). In this state, little HO, reduction occurs because
of high 6y, and thus the C};q increases with time by diffu-
sion of H,O; from the solution bulk (see the C};5—¢ curve
in Fig. 11). Nearly in proportion to the increase in Cy, the
H,0,-reduction current (j) in the low-current state increases
with time (the j—¢ curve in Fig. 11).

Here we have to note that the j in the low-current state
flows through a small amount of naked Pt sites not covered
with upd-H. Thus the j increases with increasing (1 — Gy) or
decreasing fy. The increase in j causes an increase in the
ohmic drop in the solution and thus leads to a positive shift
in the true electrode potential (£) under a constant applied
potential (U) (see Fig. 9(a)). The positive shift in E, in turn,
leads to a decrease in Gy (see Fig. 12). Thus we can see
the presence of a positive feedback mechanism. Namely,
an increase in j—an increase in the ohmic drop—a positive
shift in E—a decrease in Og—an increase in j. We have
also to note that the 0y decreases sharply with E when it
reaches about 0.7—0.8 (see Fig. 12). Accordingly, as the
j increases gradually as mentioned above and hence the 6y
decreases gradually, the Oy suddenly decreases at a certain
time, accompanied by a sudden increase in j (the j—¢ and Gy—¢
curves in Fig. 11).

The inverse process, i.e., a sudden change from the high-
current state to the low-current states can be explained sim-
ilarly. If active H,O; reduction starts with Gy =0 and it
continues, the Cjy, decreases with time due to slow H,O,
diffusion (the Cjjo~t curve in Fig. 11), and thus the H,O,-
reduction current (j) decreases with time (the j— curve). The
decrease in j causes a decrease in the ohmic drop in the so-
lution and hence a negative shift in E, which, in turn, leads
to an increase in Gy and leads to a further decrease in j.
Here is also a positive feedback mechanism. Thus, when j
reaches a certain critical value and 6y enters into the region
of rapid change with E (Fig. 12), the j suddenly decreases,
accompanied by a sharp increase of .

In conclusion, we can say that the essential mechanism of
oscillation A has been clarified. Further studies are now in
progress on the clarification of the mechanism of oscillation
B.
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2. Modulation of Oscillation A by External Perturba-
tions

The oscillatory behavior of oscillation A can be modified
by applying external perturbations such as electrode illumi-
nation, weak external potential pulses, or coupling with other
oscillating systems. Investigations of such modifications by
external perturbations are helpful for deeper understanding
- of oscillation phenomena.

Figure 13 shows a change of the waveform of oscillation
A by electrode illumination where the illumination intensity
is increased in proportion to time.?® The oscillation period
becomes longer with the increasing illumination intensity,
and finally the oscillation stops. Such behavior may partly
be explained by a photo-thermal effect, which causes an
increase in the temperature and hence an increase in the
H, 0, concentration near the electrode surface.
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Fig. 13. A change of the waveform of oscillation A by elec-

trode illumination where the illumination intensity is in-
creased in proportion to time at a rate of 1 Ws™! with a
120 V-300 W tungsten-halogen lamp. Electrode potential:
—0.26 V vs. Ag/AgCl. Electrolyte: 0.7 M H,0,+0.3 M
H,S04.
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Fig. 14. The synchronization of oscillation A with weak

external potential pulses. The upper figures in (a), (b), and
(c) indicate external potential pulses added to the electrode
potential (U), whereas the lower figures indicate waveforms
of oscillation A. The height and width of the external
potential pulses are (a) +10 mV, 100 ms and (b) and (c)
+100 mV, 1 ms. Electrode: a Pt disc of 1.0 mm in diameter.
Electrolyte: 0.7 M H,0,+0.3 M H,S0O;4.

Figure 14 shows the effect of applying weak external po-
tential pulses to oscillation A.*” The oscillation period be-
comes synchronized with external potential pulses when they
are positive in sign and have heights more than about 10
mV. The synchronization can be explained to be due to the
removal of upd-H in the low-current state by the positive
potential pulse which causes a positive shift in the electrode
potential. Such synchronized oscillations enable us to inves-
tigate the relation between the duration of the low-current
state and the peak current of the high-current state. Detailed
analyses supported the oscillation mechanism described in
Section 1.7

Electrochemical oscillations often show “coupling phe-
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| —— 7 7 7 Tsolution-
electrochemical cell
(a) (b)
Fig. 15. (a) An electrochemical cell for observing coupling

of oscillations, and (b) a top view of the cell. W1, W2:
working electrodes, C1, C2: counter electrodes, and R1,
R2: reference electrodes.

nomena”. Figure 15 shows an experimental setup for ob-
serving the coupling. Two electrochemical systems, each
composed of a working electrode, a counter electrode, and
a reference electrode, are immersed in a common elec-
trolyte solution. When the electrochemical systems are
far apart from each other, they show independent oscilla-
tions. On the other hand, when they are brought close to
each other, the oscillations are coupled, resulting in, e.g.,
synchronized oscillations. Figure 16 shows an example of
coupled oscillations.?*?* Interestingly, when the electrode ar-
rangements of the two electrochemical systems are made
inverse to each other, as shown in Fig. 17(a), contrary to
Fig. 15(b), anti-phase synchronization is observed, as shown
in Fig. 17(b).

Our detailed studies on the mechanism of synchronization
have revealed that it is not caused by mass transport for re-
actants and/or products but by electrical interaction through
the ohmic drops in electrolyte solution(s).*** We can say that
the current oscillation in an electrochemical system causes,
through the oscillation of the ohmic drop in the solution, an

before coupling
different periods

after coupling
the same period

0 i - RN | SORLENNSREEY "REEE TR B

< -10
E
= W1
S 0 - +
g o

-10

L L ——
Time — 500 ms
Fig. 16. Currents vs. time for two oscillations before and

after coupling. W1 is kept at —0.305 V vs. SCE and W2 at
—0.295 V, both being a Pt disc electrode. Electrolyte: 0.7
M H202+0.3 M HzSO4.
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Fig. 17. (a) Electrode arrangement for two electrochemical

systems, and (b) anti-phase synchronization observed for
the electrode arrangement of (a). Arrows in (a) show the
main directions of current flows.

oscillation in the true electrode potential for a neighboring
electrochemical oscillation system, which leads to the syn-
chronization of the oscillations. The essential mechanism
seems to be the same as the case of applying weak exter-
nal potential pulses to an oscillatory system described above
(Fig. 14).

The oscillatory coupling plays an important role in various
aspects of oscillations. For example, even oscillations for
one-working-electrode systems such as shown in Fig. 1 are
often governed by coupling phenomena, because oscillations
at various parts of the electrode surface can couple with
each other. Some complex waveforms such as mixed-mode
oscillations can be explained in terms of oscillation coupling.

3. Modulation of Oscillation A by Adsorbed Metal
Atoms

As mentioned in the introductory section, chemical reac-
tions in oscillating systems proceed synchronically in an in-
phase mode. Therefore it is of much interest to investigate
the effect of microscopic structures of the electrode surface
on the oscillatory behavior and vice versa.

An interesting example is given by the modulation of the
oscillation period of oscillation A on a Pt electrode by ad-
sorption of foreign metal atoms such as Cu, Ag, Au, and Ru
to sub-monolayer amounts. Experiments are done in which a
Pt disc electrode is first immersed in the electrolyte contain-
ing metal ions and then the electrode potential is shifted from
the rest potential (ca. +0.55 V vs. SCE) to a potential where
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Fig. 18. Time courses of oscillation A at —0.31 Vvs. SCE in
case where 1.6x107% M AgNO; is added to 0.7 M Hy O, +
0.3 M H,S04. The time in the figure is scaled with the time
of the potential shift taken to be zero.

oscillation A appears. Figure 18 shows a result when a small
amount of Ag* ions is added to the electrolyte.?® Oscillation

A is stable in the absence of Ag* ions without any changes

in the waveform and period for more than 1 h (Fig. 18(a)).
In the presence of Ag*, however, the oscillation period be-
comes longer with time (Figs. 18(b), 18(c), and 18(d)) and
finally the oscillation stops. Figure 19 shows a result of a
similar experiment in the presence of Cu?* ions. Contrary to
the case of Ag*, the oscillation period becomes shorter with
time. Similar results to Fig. 19 are obtained with AuCly ™
and Ru?*. Figure 20 plots the oscillation period as a function
of time in order to show the difference between Ag* and
Cu?* clearly.

Why does such a difference between Ag* and Cu?* arise?
Itis first to be noted that the metal ions are electrochemically
reduced and the corresponding metals are deposited on Pt
during the oscillation because the potential at which oscilla-
tion A is observed (—0.31 V) is more negative than the redox
potentials for the metal deposition.**¢ In fact, the deposition
of Au was confirmed by X-ray photoelectron spectroscopic
(XPS) analysis after the oscillation experiments. The de-
position of metals was also confirmed by decreases in the
heights of the cathodic current peaks for upd-H. Rough
estimations of the amount of metal (Au) deposited by the
XPS and electrochemical measurements have shown that it
is about 0.3 in the surface coverage (@) for the electrodes
just after oscillation A stopped.

Now the above-mentioned difference can be explained as
follows: The oscillation patterns in Figs. 18 and 19 show
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Fig. 19. Time courses of oscillation A at —0.31 V vs. SCEin
case where 1.6x 10~ 5 M CuSO, is added to 0.7 M H,0,+0.3
M H;SO4.
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Fig. 20. The oscillation period plotted as a function of time
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that the change of the oscillation period is mainly caused by
the change in the duration time of the low-current state (fi,y).
As mentioned in Section 1.3, the H,O, reduction in the low-
current state is almost completely suppressed by a nearly
full coverage of upd-H. However, a small H,O,-reduction
current flows through a small amount of naked Pt sites still
remaining uncovered with upd-H, and the current density
(j) increases slightly with time between two adjacent current
pulses (see Figs. 18 and 19) due to an increase in the surface
H;0O; concentration by diffusion. A sudden increase in j (or
the transition from the low-current state to the high-current
state) occurs when the j in the low-current state reaches a
critical value (j.). That is, the foy is determined by j.. Thus,
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if the deposition of a metal, e.g., Ag, on Pt makes the j lower,
the #),w becomes longer.

Itis reported* that the H,O, reduction on Ag proceeds via
brigde-type adsorption of H,O, on two adjacent Ag atoms,
whereas that on Au proceeds via end-on-type adsorption of
H,0; on an Au atom. Thus, if Ag is deposited monoatom-
ically in a dispersed form, not forming any aggregates nor
islands, no brigde-type adsorption of H,O, is possible and
hence the H,O, reduction on the deposited Ag does not oc-
cur. This implies that the deposition of Ag atoms leads to
a decrease in j in the low-current state and hence to an in-
crease in the f#,y, in agreement with the experiment. On
the other hand, for the deposition of Au, the H,O, reduction
occurs even on monoatomically dispersed ad-atoms because
the end-on-type adsorption is possible for such adsorption.
Thus, the deposition of Au leads to an increase in j in the
low-current state (because the H,O,-reduction on Au occurs
continuously with time though little H,O, reduction occurs
on Pt in the low-current state) and hence a decrease in the
fow, again in agreement with the experiment. The above
arguments are in harmony with the experimental results that
the observed current (j) in the low-current state for the de-
position of Cu increases with time from 0 to 120 s (Fig. 19),
whereas that for the deposition of Ag increases little with
time from O to 65 s (Fig. 18).

The metal deposition during oscillations may be an inter-
esting system to investigate whether the oscillations can have
the power to control the spatial distribution of the deposited
metal atoms or not. This subject is now under investigation.

4. Appearance of New-Type Oscillations by Adsorbed
Halogen Atoms

4.1. Fundamental Behavior of New-Type Oscillations.
It is known that halide ions such as C1—, Br—, and I~ are
adsorbed electrochemically on Pt in positive potentials.*s—!
Oscillations A and B, especially oscillation B, are strongly
~ affected by adsorption of halide ions. Moreover, new-type
oscillations appear when small amounts of halide ions are
added to acidic H,0, solutions.?*3°

Figure 21 shows a change of the j~U curve for a poly-
crystalline Pt-disc electrode with increasing concentration
of C1~ added to the solution, measured under current-con-
trolled conditions. The potential oscillation in Fig. 21(a),
in which no KCl is added to the solution, is assigned to os-
cillation B as mentioned before (Fig. 7(b)). When a small
amount (2.0x10™* M) of Cl~ is added, a new oscillation,
named oscillation C, appears in a range of |j| (the absolute
value of j) lower than that for the appearance of oscillation
B (Fig. 21(b)). Oscillation C is clearly distinguished from
oscillation B by the potential of the low-potential state (Urp)
for the potential oscillation. Namely, the Uy p for oscillation
C is more positive than ca. 0.0 V vs. SCE, whereas that for
oscillation B extends to —0.45 V or more negative potentials
where hydrogen evolution occurs. The amplitude of oscilla-
tion C increases with increasing ||, differently from the case
of oscillation B. :

Oscillation C starts to appear at the Cl~ concentration

Bull. Chem. Soc. Jpn., 72, No. 12 (1999) 2583
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Fig. 21. Thej—U curve for a polycrystalline Pt-disc electrode
in 0.3 M H,S04+0.7 M HyO,+x M KCl where x is (a) 0 M,
() 2.0x107* M, (c) 1.0x107% M, and (d) 3.0x1072 M,
measured under a current-controlled condition. The scan
rate is 0.25 mA mm ™25,

(Cgy-) of about 5.0x 10~® M for a solution of 0.7 M H,O, +
0.3 M H,S0y. It becomes more pronounced with increasing
C¢;- and most pronouced at around Co- =5.0x 1073 M, and
then becomes less pronounced, finally disappearing at around
3.0x10~2 M. Oscillation B also disappears at high Cg -
(see Fig. 21(d)). In cases where oscillation C is pronounced,
it overlaps oscillation B and thus oscillation B becomes a
mixed-mode-type oscillation as seen in Fig. 21(c) (also see
Fig. 23(b)). Oscillation C becomes more pronounced with
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increasing H,O, concentration at a constant C¢- .

Though oscillation C as the potential oscillation is ob-
served in a wide range of C¢- as mentioned above, oscil-
lation C as the current oscillation under potential-controlled
conditions is observed only temporarily in high H,O, con-
centrations. Figure 22 shows j-U curves in the presence of
CI™ under potential-controlled conditions. Oscillation C as
the current oscillation in Fig. 22(b) is not stable at a constant
potential, stopping in 5 to 40 s.

Figure 23 shows the waveforms in 0.3 M H,SO4+0.7
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Fig. 22.  The j~U curves in (a) 0.3 M H,S04+0.7 M H,0,+
1.0x10™% M KCI and (b) 0.3 M H2SO04+1.2 M H,0,+
1.0x10™* M KCl, measured under a potential-controlled
condition. The scan rate is 0.01 Vs™!.
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Fig. 23.  The waveforms of potential oscillations in 0.3 M
H,S04+0.7 M H,0,+2.0x 10™* M KCl at |j| = (a) 3.2 and
(b) 5.1 mAmm™>.
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M H,0,+2.0x10~* M KCl at constant current densities of
lil = (a) 3.2 and (b) 5.1 mA mm~2, which are, in Fig. 21(b),
in a region of oscillations C and B, respectively. The os-
cillation period of oscillation C in (a) is about 8 ms, which
is much shorter than that for oscillation B in (b), about 4
s. The waveform is also different for oscillations C and B,
supporting the assertion that oscillation C is certainly of a
new type. Oscillation B in (b) is overlapped with oscillation
C in the high-potential state.
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(¢) 1.0x10™* M, and (d) 3.0x107> M, measured un-
der a current-controlled condition. The scan rate is 0.25
mAmm 2s .
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Figure 24 shows j—U curves when Br™ is added to the solu-
tion, measured under current-controlled conditions. Another
new oscillation, named oscillation D, appears in addition to
oscillations B and C. Oscillations B, C, and D can be dis-
tinguished by the difference in the Uy p as mentioned before.
Namely, the Upp for oscillation D is about —0.3 to —0.1 V,
which is in between the Upp values for oscillations B and
C. Atalow Br~ concentration (Cp,-) of 1.0x107° M, only
oscillation C appears. As the Cp,- increases, the region
of |j| for oscillation C becomes narrower and moves to the
low ||, and finally oscillation C disappears. Oscillation D
becomes more pronounced with increasing Cp,~ but disap-
pears in too high Cg,~. Oscillation B also disappears in high
Cg,-. Interestingly, oscillation D in the presence of Br™ is
clearly observed as the current oscillation under potential-
controlled conditions, as shown in Fig. 25, contrary to the
case of oscillation C in the presence of C1~ or Br™.

Figure 26 shows the waveforms of the potential oscilla-
tions in the presence of 1.0x10™* M KBr at |j| = (a) 2.5,
(b) 3.8, (c) 5.1, and (d) 6.4 mAmm 2. From the current
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Fig. 25. The j-U curves in 0.3 M H,S04+0.7 M HyOz+x

M KBr where x is (a) 1.0x 107> M, (b) 1.0x10™* M, and
(c) 3.0x1073 M, measured under a potential-controlled
condition. The scan rate is 0.01 Vs~!.
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Fig. 26. The waveforms of potential oscillations in 0.3 M

HS04+0.7 M Hy0,+1.0x10™* M KBr at |j| = (a) 2.5, (b)
3.8, (¢) 5.1, and (d) 6.4 mA mm™2.

densities and Fig. 24(c), the oscillations in (a), (b), (c), and
(d) in Fig. 26 can be assigned to oscillation D (slightly mixed
with oscillation C), oscillation D, oscillation B mixed with
oscillations C and D, and oscillation B (slightly mixed with
oscillation C), respectively. The oscillation period of oscilla-
tion D is about 50 ms. Figure 27 shows the waveforms of the
current oscillations in the presence of 1.0x10~* M KBr (cf.
Fig. 25(b)) at (a) U= —0.25 and (b) —0.30 V vs. SCE. The
oscillation pattern and period are quite different from each
other, indicating that the oscillation in (a) should be assigned
to oscillation D whereas that in (b) should be assigned to
oscillations A. Oscillation D is also observed when a small
amount of I is added to the solution.

4.2. Autocatalytic Mechanism. Oscillations C and
D are observed only in the presence of halide ions in the
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Fig. 27. The waveforms of current oscillations in 0.3 M
H>S04+0.7 M Hy02+1.0x10™* M KBr at U = (a) —0.25
and (b) —0.30 V vs. SCE.

solution and therefore the mechanism for their appearance
should be explained by taking into account the adsorption of

halide ions .
7
Pt+X ——Pt-X+e" 20)
k_z
in addition to the reactions described in Section 1.1. Thus
we can write the following differential equations, similarly

to Section 1.2:

(Sno/2)dCiyo /dt =
(Dro/ 310)(Cho — Cio) — k2 Chio(1 — 6 — fon — 6k,

2D

dE/dt=(U — E)/ACpLRe — I /ACDL, 3

Ir=AF{~ki Ci1.(1 — B4 — Bou — %)

+k_1 O — k3 Ciy, Gon + ks Oou”

—ksCip (1 — Gou — Ox — Or) + k-5

+k7Cx(1 — B4 — Bon — 6x) — k—76x}, (22)

NodBow/dt = ks Ciio(1 — G — Bon — 6x)* — ksCly, Bor — kaBon’,
(23)

Nod6hu/dt = ki Ciy, (1 — O — Gou — Ox) — k—106u, (24)

Nod @y /dt = ksCiy, (1 — Bon — 6x — On) — k—s O — 2ks O,
(25)

NodBx /dt = ks C(1 — O — Oou — ) — k_706x, 26)

where O is the surface coverage of X. Equation 8 is applied

to results for potential-controlled conditions. Under galvano-
static conditions, the term (U—E)/AC4Rq in this equation is
replaced by (I/ACy), where I is the total current.
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Mathematical simulation with the above equations can,
however, not reproduce oscillations C and D even though a
wide range of parameter values, which reproduce steady-
state current- potential curves such as those shown in
Fig. 2(b) as well as the adsorption behavior of halogen atoms
reported,*® ! is tested. The appearance of oscillations C and
D can be explained by taking into account a catalytic effect
of adsorbed X and an autocatalytic effect of adsorbed OH on
the H,O, reduction, by the following equation:

ka = kao + y6x Bon, @27

where kyg is the normal rate constant for reaction (2) and y
is a proportional constant. The concept of the above cat-
alytic and autocatalytic effects is supported experimentally
by various observations that, for example, the potential-in-
dependent H,O,-reduction current for single-crystal Pt(111)
electrodes is increased by the addition of Br™ to the solution
(unpublished results).

Figure 28 shows j—U curves calculated by using Eq. 27
for k,. The essential feature of oscillation C is reproduced
both under current- and potential-controlled conditions, to-
gether with that of oscillation A under potential-controlled
conditions. Figure 29 shows calculated E—, 0x—t, Gon—t,
and Cjj,—t curves at a constant current. Again, the essen-
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Fig. 28. Calculated j-U curves under (a) potential- and (b)

current-controlled conditions, with k, expressed as kp =
kao+yBx6on. The scan rate is 0.01 Vs~! for (a) and 0.1
mAs~! for (b). The parameter values used: C5,_ = C;’(ﬁ =
1.0x10™° molem™, G, = C4, =0.3%x107% molem ™3,
kao =4.0x107% cms™!, y =10 cms™! for (a) and 1.0
cms™! for (b), ko = 1.0x10™* cms ™, k_70 = 1.0x107’
molem™2s7!, and Ezo = E_70 =0.1 V. The other parame-
ter values are the same as those indicated in the caption of
Fig. 10.
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Fig. 29. Calculated E—t, 6x—t, Gou—t, and Cyjo—t curves for
an oscillation under a galvanostatic condition (I = —2.0
mA). The parameter values used are the same as in Fig. 28.

tial feature of the potential oscillation for oscillation C is
reproduced.

For comparison, we have also tried to calculate by use of
other expressions for k, such as

kz = k20 + )/, 901-1, (28)

and
ky =kao + 9" 6x. 29)

The calculation with Eq. 28 showed the appearance of oscil-
lation C both under current- and potential-controlled condi-
tions, similar to the case of Eq. 27. In this case, however,
the calculation showed the appearance of oscillation C even
without any adsorption of halogen atoms (reaction (20)),
in disagreement with the experiment. The calculation with
Eq. 29 reproduced the appearance of oscillation C only under
a potential-controlled condition, also in disagreement with
the experiment. Further details are now under investigation.
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The mathematical simulation described above clearly in-
dicates that oscillation C is quite different in type from oscil-
lation A. Oscillation A is caused by the formation of upd-H,
whereas oscillation C is caused by the adsorption of halogen
atoms and OH. Instability for oscillation C can arise from
the following mechanism. Adsorbed halogen and OH accel-
erate the dissociative adsorption of H,O, and hence increase
the current density for the H,O, reduction, which, in turn,
leads to a very low concentration of H,O, at the electrode
surface due to its slow diffusion and thus leads to a low cur-
rent density. The appearance of only oscillation C in CI~-
containing solutions may be attributed to the fact that the
CI™ adsorption is rather weak and occurs only in potentials
more positive than 0.0 V vs, SCE.*#—5!

5. New-Type Oscillation Observed at a Single-Crystal
Pt(111) Electrode

All the oscillations thus far described are ones observed
for polycrystalline Pt electrodes. Their behavior is changed

0 | 1 ] | | I
ﬂi
- 1
2200 - (2) Pt(poly) |
400 - Z*A oscillation A N
600 - ..
"2 oscillation B
0 | ' } ' | ! ! |
s T ‘m *
; B e Pt(111
200 (b) Pe(111)
" R
§ -400
< oscillation E
g
= 600/
=
g 0 ] f f f i f i
5 P
T ool (c) Pt(100)
[0}
g -400 - —
-600 -
0 b ——————F——1+—
200 - «— (d)P(110) |
-400 - —
-600 - —
L I | | 1
0 0.2 04 0.6
Potential (U) vs. NHE/V
Fig. 30. The j~U curves for Pt(111), (110), and (100)

electrodes under a potential-controlled condition, com-
pared with that for polycrystalline Pt. Electrolyte: 0.3 M
H,S04+0.7 M H;0,. The scan rate: 0.01 Vs™,
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by use of atomic-flat single-crystal Pt electrodes. The in-
fluence of using low-index single-crystal Pt electrodes on
the oscillatory behavior has been studied for the oxidation of
hydrogen'®* and formic acid.’>**

Figure 30 shows the j—U curves for single-crystal Pt(111),
(110), and (100) electrodes under potential-controlled condi-
tions, compared with that for a polycrystalline Pt electrode.
The single-crystal Pt electrodes were prepared by the method
of Clavilier et al.*® The contact of the well-defined Pt sur-
faces and the electrolyte was accomplished by making use of
ameniscus of the electrolyte. The atomic flatness of the elec-
trodes was confirmed by atomic force microscopy as well as
by comparison with the reported characteristic j—~U shapes
for the hydrogen adsorption and desorption.*—8

We can see in Fig. 30 that Pt(110) and (100) electrodes
show oscillations similar to “oscillation A” for polycrys-
talline Pt, whereas Pt(111) shows quite a different oscillation,
suggesting that the oscillation for Pt(111) is of a new type.
This conclusion is supported by the fact that Pt(111) shows
an additional oscillation similar to “oscillation A” when the
H,0; concentration is made higher. The new oscillation
for Pt(111) can be called “oscillation E”. Preliminary ex-
periments show that oscillation E is likely to arise from the
autocatalytic effect of adsorbed OH. Further details are now
under investigation.

6. Conclusions

As described thus far, the electrochemical reduction of
H,0O; on Pt shows a variety of oscillations, such as those
named oscillation A, B, C, D, and E, depending on experi-
mental conditions. This is a unique feature of this oscillation
system, and their comparative studies should be effective for
deeper understanding of oscillation phenomena.

Of the oscillations mentioned above, the mechanism of
oscillation A has been clarified both experimentally and by
mathematical simulation. The mechanism of oscillation C
has also been clarified to a considerable extent. The analyses
of the oscillations have shown clearly the presence of a pos-
itive feedback mechanism and an autocatalytic mechanism,
both of which are characteristic of oscillatory phenomena,
together with the important roles of adsorbed species such as
upd-H and adsorbed halogen.

The oscillatory behavior is largely modified by various
external perturbations such as electrode illumination, appli-
cation of weak external potential pulses, coupling with other
oscillatory systems, and adsorption of foreign metal atoms
such as Cu, Ag, Au, and Ru to submonolayer amounts. Such
modifications are useful to get detailed understanding of os-
cillatory phenomena.

It is to be noted finally that the above results clearly show
an important role of atomic-level structures of the electrode
surface in oscillations. Detailed studies along this line may
open a new possibility of controlling microscopic structures
of the electrode surfaces.
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