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Abstract

It is shown that hydrogen evolution can be obtained far from equilibrium as an oscillating
mechanism during the electrochemical reduction of hydrogen peroxide at copper-containing
semiconductor electrodes. Periodic hydrogen evolution was experimentally verified by in-situ
Differential Electrochemical Mass Spectroscopy (DEMS). We report a working mechanistic
model accounting for the most relevant features of the experimental system. Some of the novel
possibilities for electrocatalysis arising from far from equilibrium nonlinear processes in

presence of autocatalysis are discussed.

Introduction

The classical hydrogen evolution reaction has been called the ,archetype” for the study of
electrochemical reactions, since it involves simple versions of features which are met in nearly
all of thenl. It is indeed a reaction which comes very close to the condition of thermodynamic

reversibility, as supported by ample experimental evidence.



On the other hand it is also well known, that far from equilibrium mechanisms involving , for
example, oscillations, all-or-non reactions or chaos, are relatively frequent in electrochemistry
and physical chemistry. In biology, in fact, nonlinear and synergetic mechanisms are known to
play a key role. The electrocatalytic advantage of many biological systems has frequently been
emphasized. In the case of biological hydrogen evolution, for example, which is typically
accomplished by (Ni, Fe)-hydrogenases, it is known that in some cases iron alone in
(Fe)-hydrogenase can efficiently catalyze hydrogen evaition indicating the presence of a
nonlinear mechanism. It is therefore interesting to include nonlinear electrocatalytic
mechanisms into the search for improved catalysis with less noble electrode materials. Some
aspects of far from equilibrium electrocatalysis have been published by our groap before

the present work a mechanism of periodic hydrogen evolution is presented.

Electrochemical systems with oscillatory behavior have been known for a long time, especially
those connected with anodic dissolution and passivation prdc€saesdic oscillations are

less often observed (e.g. in the cathodic reduction of organic sub3te®eesral papers

report the oscillations during the reduction of hydrogen perfoxiDee to the complicated

behavior of chemical and physical processes at surfaces the theoretical understanding of most
of the reported electrochemical oscillations is not satisfactory. However, it is well known that a
necessary precondition for nonlinear electrochemical phenomena (bistability, oscillations,
chaos) is the existence of a negative differential resistance in the voltammogram in a certain

potential interval (i.e. a negative slope in the current-potential turve)

A very interesting general model utilizing the coupling of a negative differential resistance with
a diffusional delay process was presented a year ago by Koper and’Sloyttéssmodel only

two ordinary differential equations, one for the current balance, another for the mass balance of



the electrochemically reacting substance, are sufficient to qualitatively describe a wide variety

of electrochemical oscillations.

Cathodic oscillations of several copper containing electrodes (e.g. copper sulfides and copper
iron sulfides) in hydrogen peroxide solutions have been rebdrteds also demonstrated

that semiconductor properties of the electrode material are not a necessary precondition for
oscillations. Very recently several types of oscillations (ordinary, mixed mode and chaotic)
were investigated at copper-indium-diselenide (Cy)rc@éhodes in acid as well as basic

solutions containing hydrogen peroxite.

Experimental

P-type CulnSe2 single crystals were grown at the Hahn-Meitner-Institut by the method of
Chemical Vapour Transport (CVT). Material properties as well as the procedure of electrode
preparation will be described elsewffers the electrochemical behaviour for polished p-
CulnSe electrodes (geometrical surface area A = 0.1 ienthe dark was found to be similar

in many respects to that of etched electrodes under illumination (photoinduced oscillations),
the experiments described in this paper were performed at polished electrodes in the dark.
Experiments with etched electrodes where illumination represents an additional control
parameter for the oscillatory behaviour will be presented in a forthcomintf.pEpeDEMS-
setup consisted of an electrochemical cell (three electrode configuration with Ag/AgCl as
reference and Pt as counter electrode) which was connected via a membrane inlet system with
the computer controlled mass spectroscopic equipment (Fa. BalZgie)DEMS-

experiments were performed in 0.5 V5, (Merck) with 0.8 M HO, (Merck perhydrdll



30%, suprapur). A potentiostate/galvanostate (Heka, Model PG 284) was used for potential or
current control respectively. In the figures all potentials are given with respect to the normal

hydrogen electrode (NHE).

Results

When a polished p-type CulnSingle crystal is polarized in a®4 containing electrolyte

(0.5 M H,SQ,), temporary or sustained electrochemical oscillations are ob&&tTduaby

appear both under potentiostatic and galvanostatic conditions. It was found that the
oscillations are coupled with a periodic release of hydrogen. This is demonstrated with the
experiments described in Figs.1 and 2. In Fig. 1 simultaneously to the current-potential scan
the hydrogen mass signal was recorded via Differential Electrochemical Mass Spectroscopy
(DEMS)™. In the forward scan the;Hnass signal increases for U< - 0.5 V/INHE showing
that H'-reduction takes place in this potential region. In the back scan pronounced potential
oscillations occur for a current density of -5 mAfcr j < -3 mA/criiwith the negative

turning points of the oscillations clearly extending into theégion”. (For clarity the H

mass signal is only shown for the forward scan).
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Fig. 1. Galvanostatic current-potential scan (scanrate: 10 pA/s) in the dark with
simultaneously recorded hydrogen mass signal (m/e = 2). Pronounced potential oscillations in
the backward scan in the region -5 mAfenj < -3 mA/cm. For clarity the Bk mass signal is

only shown for the forward scan. (p-Cula8&th polished surface / 0.5 M,850, /0.8 M

H.0,)

Fig. 2 shows the corresponding time series for a constant current density j= -3.5mA/cm
Although the signal-to-noise-ratio is not very good it is clearly seen that the hydrogen mass
signal oscillates in phase with the potential and thredss signal is reaching its maximum at
the negative turning points of the electrode potential. This experiment indicates that the

process of Freduction is of crucial importance for the oscillation mechanism.
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Fig. 2: Potential oscillations and correspondiggridss signal versus time for a constant
current density j = - 3.5 mA/¢nunder the same conditions as in Fig.1.

We consider this as sufficient experimental evidence for a far from equilibrium periodic

hydrogen evolution reaction for which the following model is suggested.



The Model

The simple but realistic model of Koper and Sluyfersgeneral electrochemical oscillations

contains two differential equations:

dU _Ug-U
Cagqr = am, "FHU® .
h dc D
S0 = k) e+ [cp -0

where U is the circuit potential, U the actual electrode potentigth€double layer

capacitance, £ serial ohmic resistance, A the electrode surface area, n the number of
electrons transferred in one effective reaction step, F the Faraday constant, k(U) the potential
dependent effective rate constant and c the concentration (in mole per unit volume) of the
electroactive species at the electrode surface. The effective thickness of the diffusion layer is
denoted by h,,ds the concentration in the bulk of the solution, and D the diffusion coefficient.
The first equation simply describes the conservation of current; and the second one accounts
for the balance between the consumption of the electroactive species in the electrode reaction
on the one hand and the diffusion of this species trough the diffusion layer towards the surface
on the other hand. Here, all the adsorption and reaction kinetics is described by the effective
rate constant k(U). For the example of the potential dependent adsorption of an ion which
catalyzes the reaction of the electroactive species Koper and Sluyters showed the existence of

a negative resistance and the possibility of sustained oscilfations.

The aim of this paper is to derive an expression for k(U), which contains the most relevant

aspects of the oscillating hydrogen evolution in combination w@hreduction. Firstly, we



have to take into account the processes@.Heduction and decomposition at the electrode

surface (M denotes here a free active surface site which is expected to be copper):

(i) the direct reduction of ¥D,:

M+ H,O0,+2H + 26 -~ M+ 2H,0

(i) the catalytic decomposition of hydrogen peroxide and oxygen evolution:

H202+M - H20+]/2Q+M

(iii) the reduction of the dissolved oxygen (the reaction scheme is adopted from
Tributsch (1975):

M+ 0O, - M-O, (rate determining step)
M-O,+€ - M-O;
M-O; + M+ H,O - M+ HO, + M-OH

M-OH+€& - M+OH

(iv) Secondly, the experimental results indicate the necessity to account for the hydrogen
evolution: from the Volmer-Heyrowsky scheme (for the preference of this model at copper-
containing electrodes $8dn acidic media follows:

M+H +e - M-H

M-H+H +e - M+H,

(v) Finally, we postulate a recombination reaction of adsorbed hydrogen and hydroxyl radicals:

M-OH +M-H - 2M + H,0

All these processes play together a crucial role in enabling the cathodic oscillations:



 the direct reduction of hydrogen peroxide is able to maintain the relatively high current
density and to introduce the diffusional time delay necessary for the so called relaxation

oscillations (according to the second equation in (1) );

» the hydrogen evolution reaction leads to adsorbed hydrogen, which acts as an inhibitor for

the hydrogen peroxide reduction due to the decrease of free surface area;

* however, as a consequence of the Volmer-Heyrowsky mechanism of hydrogen evolution,
the surface coverage of adsorbed hydrogen is changing only slightly in a wide potential
range. Therefore it is necessary to take into account the competitive adsorption of OH
radicals during the oxygen reduction, which can be of stronger potential dependence, and
the recombination reaction with adsorbed hydrogen leading in an indirect way to a strong
potential dependence of hydrogen coverage. This latter reaction step (v), in combination
with (iv), not only guarantees the strong potential effect on the hydrogen coverage, but also
introduces an additional instability (autocatalytic generation of free surface area) in the

reaction network.

If we consider M-OH and M-H as the only relevant adsorbed species responsible for the
oscillations and assume that the concentration of dissolved oxygen near the electrode surface
(resulting from reaction (ii)) is always constant at the saturation concentration, then we obtain

the following subset of differential equations describing the coverage kinetics:

&= ky(U) L -x-y) ~ko(U) B-K3 3
dy _ v — _
= Kal-x-y) ks(U) ¥ -k X ¥ 2

with the Butler - Volmer equation

aFU
ki(U)=k; o exp(-——) ; U<O0
i (U) i 0 [&xp( RT)



Here, x(t,U) and y(t,U) denote the coverages of M-H and M-OH normalized to one,
respectively. Accordingly; land k are the rate constants of the Volmer-Heyrowsky scheme,
ks is the recombination rate constanttie rate constant of the first reaction in (iii) depending
on the oxygen concentration, andlke rate constant for the last reaction in (iii). Further we
assumed that the individual transfer coefficiemtsthe reactions are equal to each other.
Together with the equations (1) we obtain a system of four differential equations coupled by

the rate constant k(U) which is responsible for the direct hydrogen peroxide reduction (i):

k(t,U) =kq Eexp(-%:U)Eﬂ-X(t,U)-Y(t,U ) ©)

If we consider, for the sake of mathematical simplicity, that the recombination rate cgnstant k
(which certainly is very large) will go to infinity, then the coverages x and y will become
guasistationary, i.e. the equations (2) can be equated to zero. This system of two algebraic
equations can now be solved independently leading to the potential dependence of the

guasistationary coverages:

anF

k(U)=kg @Xp(—ﬁu )L -x(U) -y (U))
with .
0 ki(U)-kg ) -
gkl(U) +Ko(U) —k 4 for  ky(U)-kys<s o%
(x(U) +y(U)) = B Ok B
1 — Ky )
tk1(U) —ks(U) kg4 for  ki(V) k4>oH

(If k3 is sufficiently large to maintain the quasistationarity but finite, the function x(Uy y(U)

will become a smooth curve, see Fig.3 for several numerical valugs of k

10
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Fig. 3: Quasistationary potential dependence of the free surface 1 - x(U) - y(U) for different
values of the rate constantik eq.(2). Other values used for calculatian:%«1.0, ko= 0.1,
ks=10, ko= 0.5, a =0.5. Inset: potential dependence of the individual coverages x and y for
ks = 1000.

In this way we returned to the system (1), with all nonlinear kinetics (i)-(v) now concentrated
in one effective rate constant k(U). This system can be solved numerically. It leads, under quite
reasonable assumptions concerning the magnitude of parameters, to limit-cycle oscillations.
These oscillations are, at least qualitatively, able to describe the experimentally observed ones

(see the comparison in Fig. 4).
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Fig. 4. Comparison between experimental and simulated potentiostatic oscillation

characteristics.
(a) Experiment: p-Culn$¢ 0.5 M KCI/ 0.4 M HO,, pH = 9. U = - 0.55 V/NHE, R= 200Q

Polished electrode in the dark.
(b) Simulation: same values of the rate constants as in Fig. 2,and Rs = 200Q,
c=1M, D =10 cnf/s, h=0.012 cm,k 0.17, G= 44pF, A= 0.12 crh

It should be noted, that the small oscillations in the experimental curve just before the sharp
upjump of the current density are signifitaand indicate the possibility of the transition to
chaos through a homoclinic orbit. However, this is beyond the capabilites of our simplified

two-variable model and subject to further investigations of the complete model.

Discussion

We were able to derive a relatively simple mechanistic model describing the observed
relaxation oscillations during the-elvolution in presence of,8,-reduction at CulnSe

cathodes under quite realistic assumptions. Necessary elements of the model are, beyond the

12



capacitive positive feedback according to the Koper-Sluyters model, the hydrogen evolution
reaction as well as the recombination of adsorbed hydrogen with adsorbed hydroxyl radicals.
We found that the interaction between the hydrogen peroxide reduction on the one side and
the hydrogen evolution on the other is a necessary condition to reproduce the observed
oscillations in the numerical model simulations. A major inaccuracy is the predicted time
domain of oscillations. It may be explained by the assumption of infinitely fast synchronization
of the oscillation processes parallel to the surface in the model. In reality, the propagation

velocity of the reaction front will be definitely finite.

Several additional refinements of the model seem to be possible and necessary to describe more
guantitatively the observed variety of oscillatory pattern: First, the full system of the four
differential equations (1) and (2) should be analyzed numerically. Furthermore, the knowledge

of the HO,/ O, - reduction is very incomplete and the mechanistic steps (i)-(iii) probably have

to be replaced by a better founded kinetics. But fortunately, the capability for oscillations (i.e.

the negative resistance) of the presented model is very insensitive to the sji&cifi H

reduction kinetics, provided any adsorbed reactive oxygen or hydroxyl specié§ btthis

respect the hydrogen evolution reaction plays the dominating role in sustaining the oscillations.

H,0O, could, theoretically, be replaced by anothed@nhor and by another electron acceptor.

Certainly, at this point of model refinement, the semiconductor properties of the electrode
material must also be taken into account. This is especially necessary to describe photoinduced
oscillations and an unexpected inverted photoeffect found in the investigated nonlinear

syster 417

Another direction for the extension of the theoretical model is the consideration of a second

delay process to describe the equally obsErebdotic and mixed-mode oscillations in the

13



system. This can be done by a more accurate description of the diffusion hrarckegs

introducing a reversible surface reaction leading to an inactive oxidized'$pecies

As outlined in other publicaticits new opportunities may be opened for electrocatalysis

through nonlinear mechanisms of synergetic nature. (The term ,synergetic” is used to underline
the co-operative behavior of nonlinear systems caused by the slaving principle of Haken.) In a
situation far from equilibrium order may be built up at the expense of total entropy production.
Such a local order, if it affects the molecular structure of the interface, may open new
perspectives for electrocatalysis. For this reason model systems of electrochemical oscillations

should receive special attention with respect to catalysis and interfacial 8tability.

Acknowledgements

The authors would like to thank Dr. Peter Bogdanoff for the possibility of using the DEMS-
setup, Dr. Rosi Philipp, who had drawn our attention to the papers of Koper and Sluyters, and
Dr. Michael Fearheiley for providing the Culn&eystals. We are very indebted to an
anonymous referee for drawing our attention to the very early papers of W. Ostwald and

K.-F. Bonhoeffer concerning chemical and electrochemical oscillations.

14



References and Notes

1

10

11

12

13

14

15

16

17

18

Bockris, J., O'M.; Khan, S.U.Maurface Electrochemistry, Plenum Press: New York and
London 1993, p. 310.

Pohlmann, L.; Tributsch, H. Theor. Biol. 1992, 155, 443 and 1992, 156, 63.

Tributsch, HElectrochim. Acta 1994, vol. 39, in press.

Bonhoeffer, K.-FDie Naturwissenschaften 1943, 31, 270; Bonhoeffer, K.-Ber. math.-
phys. Cl. Saechs. Akad. Wissensch. 1943, 95, 57;

Franck, U.F.; Fitzhugh, Z. Elektrochem. 1961, 65, 156.

Wojtowicz, J. In:Modern Aspects of Electrochemistry; Bockris, J.O’'M., Conway, B.E.,
Eds.; Vol. 9; Plenum Press: New York, 1973; p. 47.

Tributsch, HBer. Bunsengesellsch. Phys. Chem. 1975, 79, 570 and 1975, 79, 580;
Tributsch, H.; Bennett, J.®er. Bunsengesellsch. Phys. Chem. 1976, 80, 321;

Cattarin, S.; Tributsch, H. Electrochem. Soc. 1992, 139, 1328;

Cattarin, S.; Tributsch, HElectrochimica Acta 1993, 38, 115.

Koper, M.T.M.; Meulenkamp, E.A.; VanmaekelberghJPhys. Chem. 1993, 97, 7337.
Franck, U.FZ. Phys. Chem. (N.F.) 1955, 3, 183; Degn, Hrans. Farad. Soc. 1967, 64,
1348.

Koper, M.T.M.; Sluyters, J.Hl. Electroanal. Chem. 1991, 303, 73 and 1993, 352, 51.
Neher, GPhD Thesis, Free University Berlin 1994.

Neher, G.; Pohlmann, L.; Tributsch, H. (forthcoming paper | about mechanism) to be
published.

Neher, G.; Pohlmann, L.; Tributsch, H. (forthcoming paper Il about photoeffects) to be
published.

Bogdanoff, P.; Alonso-Vante, N. Electroanal. Chem., 1994, in press.

Bogdanoff, P.; Alonso-Vante, [Ber. Bunsenges. Phys. Chem. 1993, 97, 940.

Gerischer, H.; Mehl, WZ. Elektrochem. 1955, 59, 1049.

Similar small oscillations embedded in an oscillatory cycle with larger amplitudes and
periods were observed even by Wilhelm Ostwald in the dissolution of chromium in HCI:
Ostwald, WZ. Phys. Chem. 1900, 35, 33.

Cattarin, S.; Tributsch, H. Electrochem. Soc. 1992, 139, 1328.

Koper, M.T.M.; Gaspard, R. Phys. Chem. 1991, 95, 4945.

15



19

20

Neher, G.; Pohlmann, L.; Tributsch, H. (forthcoming paper Il about chaotic oscillations)

to be published.
Tributsch, H. ,Progress in Electrocatalysis. Theory and Practice”, Conference held in

Ferrara 12 - 15 Sept. 199l ectrochim. Acta in press.

16



