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ABSTRACT

Measurements are reported of the linear sweep voltammograms of silver
on the presence of mixed catalytic oxidation/reduction of hydrogen peroxide on
to vitreous carbon microdisk electrode. The catalytic rate constants were
determined by performing theoretical simulations of the expected responses of
the current-potential profiles and good agreement was found between these
calculated profiles and the experimental responses in the cathodic branch for
k2%= 25 . 10-6 mol c¢m25-1. The occurrence of a nonelectrochemical pathway
reaction associated to the catalytic behaviour of hydrogen peroxide at silver
substrates was observed experimentally and the density flux rate constant of

this reaction was found to be 3.2 . 106 mol cm=2s-1.

INTRODUCTION

The coupled reduction and oxidation of hydrogen peroxide has
been repeatedly investigated following the initial work towards the
end of the last century [1]. The interest in this reaction has stemmed
both from the view that it should be one of the simplest examples of
catalytic processes (a view hardly born out by the results obtained
experimentally) and, latterly, because of the participation of hydrogen
peroxide as an intermediate in the technologically important
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electrochemical reduction of oxygen such as in oxygen cathodes in
batteries and fuel cells (see review [2]).

The initial interest in the reaction was in the catalytic oxygen
evolution on metal catalyst surfaces in the absence of any imposed
cathodic or anodic currents, i.e., under open circuit conditions,
generally at platinum surfaces [1]. The decomposition of the hydrogen
peroxide was assumed to be due to the irreversible formation and
decomposition of surface oxides such as

Pt + Hy0p+— PtO + H20 (1)

PtO + Hy0y+— Pt -+ 02 + H20 (2)
giving the overall reaction

2 HyOy— 2H0 + O2 3)

A number of more recent studies of hydrogen peroxide
decomposition at catalytically active metal surfaces under open circuit
conditions have continued to be interpreted in terms of modified
forms of this mechanism [3-5] such as in the intervention of adsorbed
HO»" species in alkaline solutions at silver surfaces [4].

The alternative view that the overall reaction (3) at open circuit
conditions is due to the balance of two separate cathodic and anodic
reactions was originally put forward by Weiss [6]:

Hy02 + 2e+— 20H™ (4)

Hy0, = 0Oy + 2HY + 2 (5)

the overall reaction being again (3). It is important to note that

reaction (4) is totally irreversible; reaction (5) is to some extent

reversible so that hydrogen peroxide is formed as an intermediate in
oxygen reduction process.

The deposition of silver catalytic centres on carbon substrates
affords significant new opportunities for the study of the
electrocatalytic oxidation/reduction of hydrogen peroxide. These
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reactions are very slow at carbon substrates but are extremely fast at
silver surfaces [6-7]. The in situ deposition of silver centres should
therefore permit the investigation of the kinetics associated to the
oxidation/reduction of hydrogen peroxide.

Considering the particular properties of microelectrodes [8-10],
one can consider that the most plausible conditions for silver
deposition coupled with catalytic reaction of H2O2 is a combination of
diffusion controlled crystal growth and mixed diffusion control of the
mixed catalytic reactions for the cathodic branch. As deposition and
crystal growth starts at very negative potentials, one can assume that
the deposition of silver is diffusion controlled with

Copr =Cs (1 exp(£g1)] (6)
The current due to the silver deposition coupled with the mixed

catalytic reaction is [11]: 2MD, LC® |\ 1/2
21FD”202C§’202( A’: Art) (t-1g)!/?

=%, HyOq%c, HyOn F(¥t=n0.c.)
{ ‘c.HgOzkc,Hzoz exp (- 12272 R?I‘ 2 )

xp (ﬂa,HzOz‘a,Hﬁgz F(V’“'Io.cA))}

~2a,Hy09%a,H,0,

2z H272 +ke,H,0, €xp (_a‘-”Qoz‘c.HzO'zF("""m&))
172 ¢, Hy0,
[ 2MDAg+C:°+] RT
—5——

(t-tg)1/2

= L F —To.c.
+ka, 1,0, exp(ﬂ 70770 1120, (vi-n ))}

where t is the time (s), Dj is the diffusion coefficient of peroxy and
silver species (cm2s-1), Cj is the bulk concentrations (mol cm-3), aj and
Bi is the transfer coefficients, ki are the flux density rate constants
(mol cni-2s-1) for the cathodic and anodic regions respectively, M is the
silver molecular weight (g mol-!), z; is the charges, no. is the open
circuit overpotencial (mV) and v is the scan rate (mV s-1).

‘ Several research workers since Haber and Grinshberg [1] have
studied the catalytic oxidation/reduction of hydrogen peroxide on
silver surfaces and they have postulated that a nonelectrochemical
decomposition pathway occurs according to the following reaction

Ag + 2H,05 F2. Ag +2H,0 + 0 (8)
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where ks is the flux density rate constant of the chemical reaction.
Also several other research groups who have investigated this system
[2, 12-13] have obtained quite good evidence about the occurrence of
the above reaction. For the cases where reaction (8) occurs the
equation for the linear sweep voltammetry presented above, equation
(7), will now be affected by the term k3 in the denominator.

For the case of reaction (8) coupled with silver deposition,
considering that the growth of silver is diffusion controlled, the
current-potential transient for the overall reaction within the cathodic
region is given by the following equation:

. 4m 20k F Dy Cgo MPICT [ o (=eamiF ) _ ey (B22Fm) |
N MD,C® =
DyC3 + ka(=—5) b 4 (MR | [y (=o35aFm) | exp (Lazghm) ]

9)

where the parameters have the same meaning and units as described
for equation (7) and m, = vty. The important point of this current-
potential transient is the new term ks wﬂ) i which illustrates
that there is a rapid transition from the initial kinetic control of the
peroxide oxidation/reduction to diffusion controlled behaviour with
increasing time.

In the present study, the theoretical models developed
elsewhere [11] are applied to the experimental voltammograms in
order to obtain the kinetic parameters that characterises the system
herein investigated. The occurrence of the nonelectrochemical
pathway reaction is also illustrated from the comparison between the

theoretical and experimental plots.

EXPERIMENTAL

The experiments were carried out using a two-compartment cell
shown in Fig.l. The anodic compartment was filled with a solution of
composition 5.0 mM AgNO3 + 0.1 M KNO3 while the cathodic
compartment contain a solution of composition 5.0 mM AgNO3 + 0.1 M
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KNO3 + 45.0 mM H207. The concentration of the peroxy species was
established after carrying out several experiments at different
concentrations of H202 but beyond a certain value, passivation of the
substrate takes place which inhibits both the silver deposition process
and the catalytic reaction. This is the main reason why there was no
H702 in the anodic compartment because a silver foil was used as the
anode which could promote the autocatalytic decomposition. All
solutions were prepared using reactants as purchased from J.T. Baker
Co. and ftriply distilled water. These solutions were deareated for 20
minutes before starting the experimental measurements.
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Figure 1 Side view of the two-compartment electrochemical
cell used.

A two-electrode system was used throughout the experiments.
The working -electrode was a vitreous carbon microdisk electrode of
5.0 um diameter and as the secondary electrode was used a silver foil
of large dimensions. Before each measurement the working electrode
was mechanically polished with successively fine grade alumina
powder (0.05 - 1.0 um).

The equipment used herein was a waveform generator, Hi-Tek
PPR1, to switch the potential between the chosen limits. A
programmable electrometer, Keithley Model 617, was used to measure
the currents and the current-potentials responses were recorded on a
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Houston Instruments Model 200 X-Y recorder. The electrochemical
system was maintained inside a Faraday cage, made of thick walled
aluminium sheet, in order to avoid external interferences and low
noise coaxial cables were used for the electrical connections.

All measurements were carried out at laboratory pressure and
temperature.

RESULTS AND DISCUSSION

As a starting point for the interpretation of the experimental
data obtained for the present system, a voltammogram is presented in
Fig.2, which shows that the silver deposition occurs at cathodic
overpotentials close to -200 mV. It was observed experimentally that
the shapes of the linear sweep voltammograms are highly
irreproducible which is due to the fact that each one represents the
deposition/dissolution of a single crystallite. In addition, one w?uld
anticipate an irreproducibility due to the catalytic reactions since
those will be sensitive to the surface conditions and therefore each
voltammogram has to be interpreted separately, i.e., there is no

general "working voltammetric response”.
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Figure 2 Linear sweep voltammogram for the deposition of

silver onto vitreous carbon microdisk electrode from
5.0 mM AgNO3 + 45.0 mM H202 in aqueous KNOs3;
v = 100 mV/s.
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The experimental measurements shows that the simplest
conditions for the voltammograms will be found for silver deposition
at very negative overpotentials. The deposition of the first centre will
then lead to immediate crystal growth and this crystal growth process
will rapidly become close to diffusion control. Moreover the diffusion
controlled growth will reduce the concentration over the whole of the
microelectrode surface (time scale 1.0 - 5.0 . 10-3 s) due to the spread
of the diffusion layer so that crystal growth remains restricted to a
single crystallite. This pattern of behaviour has been already observed
for the case of silver deposition/dissolution alone [11, 14].

An example of a linear sweep voltammogram following such a
course is the one presented in Fig.2 and the shape of this
voltammogram is compared in Fig.3 with that predicted for diffusion
controlled growth/dissolution of silver and oxidation/reduction of
hydrogen peroxide (equation (9)) in the presence of a
nonelectrochemical pathway reaction for the hydrogen peroxide.
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Figure 3 Plot of linear sweep voltammograms. a) Experimental
(Fig.2) versus simulated (b) using z = 2.0, a = B2 =
0.5 and k2° =2.5. 10 and k3= 3.2 . 106 mol cm2s5!
v =150 mV/s, p = 10.50 g/cm? D1 =0.75 . 105 cm? 57!,
M = 107.86 g/mol, C1 = 5.0 mM, D2 = 1.0 . 10°5 cm?s!
and C2 = 45.0 mM (equation (9)).
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It can be seen that there is, indeed, good agreement between the
experimental and calculated responses in the cathodic region; however
one needs to assume a rather high value of the rate constant for the
oxidation/reduction process (k© = 2.5 . 106 and k3 = 3.2 . 10-6
mol cm-2s-1) and, moreover, that apzy and Bpzo are large (namely
oy = B2 =0.5 and zp = 2.0).

It is of interest to point out that none of the models [11] can
account for the observed shapes of the voltammograms at high
overpotentials. The deviations must be due to Kkinetic complicali.ons in
the catalytic reactions which have not been accounted for in the
theoretical models or else to progressive modifications of the catalytic
activity of silver centres.

In Figs. 4 and 5, a range of wvalues for k»° and k3 have been
investigated in attempts to deriving a more complete description of
the observed experimental responses. However, while it is possible to
obtain reasonable close form descriptions of the cathodic branch, the
experimental response in the anodic region is far from. any -of the
possible simulated shapes [11]. This kind of behavu')ur is not
surprising as similar effects have been observed for the linear sweep
voltammetry of silver alone [15]. In the case of voltammetry of
systems containing hydrogen peroxide, it is entirely reasonable that
the formation of sparingly soluble peroxy species should influence the

shapes of the voltammograms in the anodic branch.
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Figure 4 Plot of linear sweep voltammograms. ExPcrimental
(Fig.2) versus simulated (equation (9)) using a fixed
value for k3 and assuming different values for k;°.
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Figure 5 Plot of linear sweep voltammograms. Experimental
(Fig.2) versus simulated (equation (9)) using a fixed
value for k,° and assuming different values for k.

From the data attained experimentally, one can observe that if
the metallic deposition occurs at a lower cathodic potential than that
leading to catalyst growth, then the formation of the critical nucleus
will be delayed until a more cathodic potential is reached at which the
nucleus will grow spontaneously. Under these circumstances, one will
then observe the reduction of hydrogen peroxide on the first atom of
the catalyst centre and that reduction will be diffusion controlled.

CONCLUSION

It has been shown that the theoretical model of diffusion
controlled deposition/dissolution of silver coupled with mixed catalytic
oxidation/reduction of hydrogen peroxide describes quite accurately
the experimental responses within the cathodic region. Furthermore, it
was possible to observe that for the system investigated herein, the
occurrence of a nonelectrochemical pathway reaction markedly
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influence the expected behaviour of the voltammograms, i.e., reaction
(11) indeed takes place.

In some experimental measurements, it has been possible to
observe the electrocatalytic reaction on a single centre of the new
metallic phase. These measurements have so far been restricted to a
rather limited range of conditions mainly because of the restrictions
imposed by the mathematical analysis. However, the extension of the
analysis should lead to studies of kinetics on catalyst centres of almost
molecular dimensions. '
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