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ABSTRACT

Totally irreversible electro-oxidation of dissolved reactant that is inhibited by the formation of oxide on the electrode surface is analysed theoretically. In the reverse,
cathodic branch of staircase cyclic voltammogram these two parallel reactions exhibit both cathodic minimum and anodic maximum. The potentials of these extremes

depend on the kinetics of oxide formation.
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INTRODUCTION

Electro-oxidation of methanol is investigated as a part of the development of
fuel cells [1 - 11]. On platinum electrode this reaction is hindered by the
formation of surface oxide [1, 7], or by the adsorption of carbon monoxide [2,
11]. In the reverse branch of cyclic voltammogram the oxide layer is reduced to
metallic platinum and the anodic peak corresponding to methanol oxidation
appears again. Similar anomalous cyclic voltammograms that consist of anodic
peaks in both anodic and cathodic branches were observed in electro-oxidations
of ethanol [12 - 16], glycerol [16, 17] and formic acid [18]. Apart from pure
platinum [1, 6 — 8, 11, 14, 16, 18] and its alloys with ruthenium [2, 3] and
rhodium [13], various catalysts were used, such as palladium [5, 10, 12], gold
[17], Fe2(M00O,); [4] and nickel [15]. On majority of electrodes the oxidation of
methanol is faster after the reactivation than before the deactivation of catalyst.
In this paper the theoretical model of irreversible electrode reaction of dissolved
reactant that runs parallel with the reversible formation of metal oxide on the
surface of the working electrode is developed. It is assumed that the oxide
prevents the heterogeneous electron transfer. The purpose of the work is to
investigate the relationship between cyclic voltammogram of the volume
reaction and the stability of surface oxide.

MODELS
In the first model the oxidation of metal electrode surface is considered:
M+ H,0 < MO + 2H* + 2e- Q)

This reaction is described by the following differential equations:

dlye/dt = —ksexp(—a,9) [Ty — exp(@) (Tnax — Tuo)] (2
dlyo/dt = Iy /2F S 3)
¢ =2F(E — E9)/RT 4)
t=0: Iyo =0 (5)

The definitions of all symbols are given in Table 1. Differential equations (2)
and (3) are solved numerically [19]. In the staircase cyclic voltammetry the scan
rate is defined as v = AE /7, where AE is the potential increment and 7 is the
step duration. In the simulation the time increment was defined as d = 7/50.
The current is sampled at the end of each step. The solution is a system of
recursive formulae for the dimensionless current density and the surface
coverage:
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Table 1

Meanings of symbols

a,,a; Transfer coefficients of reactions (1) and (13)
Cy Concentration of species A

cy Concentration of species A in the bulk of solution
D Diffusion coefficient

d Time increment

E Electrode potential

E Standard potential of the electrode reaction (13)
EY Standard potential of the electrode reaction (1)
AE Potential step in staircase cyclic voltammetry

F Faraday constant

Tvo Surface concentration of metal oxide

Tnax Maximum surface concentration of metal oxide

Igurry Loy Currents of electrode reactions (1) and (13)

ks1, ks,  Rate constants of electrode reactions (1) and (13)
R Gass constant

S Active area of electrode surface

Stot Total area of electrode surface

T Temperature

t Time

(7 Surface coverage

v Scan rate

The second model describes totally irreversible electro-oxidation of dissolved
reactant giving dissolved product:

A—Bt+e (13)

For the stationary, planar diffusion the following differential equation must be
solved:

dc, /0t = Dd%c,/0x? (14)
t=0,x=20: ¢,=¢, (15)
t>0, x>0 ¢y (16)
x =0: D(0cy/0%)y=0 = lpyo1/FS @17)
Lot/ FS = kgexpl(1 — a;) (F/RT)(E — EP)]cx=0 (18)

The solution was obtained by the digital simulation method [20].
Dimensionless current ®,,, = I,,,,VRT /FSc;VDFv was calculated for the
staircase cyclic voltammetry. Kinetics of reaction (13) depends on the

dimensionless rate constant A = kg,+/RT/DvF . It is assumed that the surface
oxide calculated in the first model inactivates the electrode surface for the
reaction (13). On active parts of electrode the current flows whereas on inactive
parts the flux is zero. The consequence is the accumulation of reactant at the
blocked surface. After the electrode reactivation the concentration gradient of the
reactant at the electrode surface is higher than the gradient at the same potential
in the absence of electrode deactivation. For this reason the second anodic peak
current is higher than the current at the second peak potential in the absence of
deactivation [21].
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The currents of the surface reaction (1) and volume reaction (13) are connected
by the following relationship:

q)vol = q)surf/Z (19)
Z = c;/DRT/Fv 2T 0 (20)

If ¢; = 0.01 mol/L, T4, = 1.5%10° mol/cm?, D = 9x10¢ cm?/s and v = 0.1
Vs, the factor of proportionality is Z = 5.

RESULTS AND DISCUSSION

Fig. 1A shows dimensionless current of electrode reaction (1) in staircase
cyclic voltammetry. The formation of surface oxide and its reduction are shown
in Fig. 1B. The current exhibits anodic maximum at 0.140 V and cathodic
minimum at -0.040 V vs. E?. In the anodic branch of cyclic voltammogram the
electrode surface is partially covered by the oxide in the potential range between
0.025 V and 0.180 V vs. E? and totally covered at higher potentials. In the
reverse, cathodic branch the oxide cover gradually disappears between 0.080 V
and -0.080 V vs. E?. So, the electrode reaction (13) is completely inhibited
between 0.180 V and 0.300 V vs. E? during the forward scan and between 0.300
V and 0.080 V vs. E? during the backward scan.
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Fig. 1 Dimensionless current (A) and surface coverage (B) of electrode
reaction (1). EY — EY =0.050 V, k = 0.03, &; = 0.5 and AE =5 mV.

An example of possible influence of reversible inhibition on the
response of reaction (13) is shown in Fig. 2. The curve 1 is characterised by the
maximum at 0.095 V in the anodic branch and the minimum at 0.005 V and the
second maximum at -0.070 V vs. E{ in the reverse branch of cyclic
voltammogram. The minimum is caused by the reduction of oxide and the second
maximum is caused by the oxidation of reactant A on the reactivated electrode
surface. The curve 1 was calculated under assumption that the dimensionless rate
constant of the reaction (13) on the electrode surface before the inactivation (4,)
is ten times smaller than the rate constant after the reactivation (4,). If these rate
constants are equal, the second maximum is smaller than the current at the second
peak potential in the anodic branch, as can be seen in Fig. 3. This is because the
hydrodynamic conditions at the inactive surface are not identical to the initial
conditions.
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Fig. 2 Staircase cyclic voltammetry of electrode reaction (13) that is inhibited
by surface oxide. The sum of dimensionless currents of volume and surface
reactions (1) and the current of reaction (13) in the absence of oxide (2). E — E?
=0.050V,k =0.03, a; =0.5,1, =0.25, 1, =25, 2, =05, AE =5mVand Z =
5.
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Fig. 3 The sum of dimensionless currents of electrode reactions (1) and (13);
A, =0.25 and all other data are as in Fig. 2.

The influence of the difference between standard potentials of electrode
reactions (1) and (13) on the response of reaction (13) is shown in Fig. 4. If E3 =
E?, the first and the second maxima appear at 0.045 V and -0.120 V vs. E?,
respectively. The difference between these two potentials is 165 mV, which is
equal to the difference between anodic peak potentials that are shown in Fig. 2.
However, the medians of anodic peak potentials in Figs. 4 and 2 are -0.0375 V
and 0.0125 V vs. EY, respectively. As the consequence of lower median, the
anodic peak currents are smaller in Fig. 4 than in Fig. 2.
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Fig. 4 The sum of dimensionless currents of electrode reactions (1) and (13);
EY = E? and all other data are as in Fig. 2.

Fig. 5 shows that the difference between the potentials of two anodic peaks
depends on the dimensionless rate constant of the reaction (1). If x = 0.003 this
difference is 225 mV and if x = 0.3 the difference is 55 mV. The medians of
these peaks are -0.0175 V and 0.0175 V vs. E?, respectively. Comparing to Figs.
2 and 4, one can observe that the second peak current increases proportionally to
the increasing of the potential of minimum. In the absence of oxide the peak
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potential of reaction (13) is 0.090 V vs. E. If the potential of minimum is close
to this value, as in the case of curve 2 in Fig. 5, the reactivation of electrode
surface starts at potentials at which the reaction (13) is fast and the second anodic
peak current is high. One must be reminded that in Figs. 2, 4 and 5 the
dimensionless rate constant of the reaction (13) is ten times bigger on reactivated
surface than on the initial surface.
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Fig. 5 The sum of dimensionless currents of volume and surface reactions (1,
2) and the current of volume reaction in the absence of oxide (3); x = 0.003 (1)
and 0.3 (2) and all other data are as in Fig. 2.

CONCLUSIONS

Cyclic voltammogram of irreversible electro-oxidation that is inhibited by the
layer of oxide on electrode surface consists of two anodic peaks and one cathodic
peak. The later may be too small to be noticed if the bulk concentration of
dissolved reactant is higher than 0.1 mol/L. The second anodic peak appears in
the reverse branch of the response. If the second peak current is higher than the
current of the forward branch at the second peak potential, then the rate constant
of electro-oxidation is lower before the inactivation of electrode surface than
after its reactivation. The difference between the first and the second anodic peak
potentials depends on the rate constant of oxidation of electrode surface. The
median of these two peak potentials depends on the difference between standard
potentials of the electrode reactions (1) and (13) and on the rate constant of oxide
formation.
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