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Summary

Mixed oxides of the perovskite structure have been synthesized and
their efficiency as catalysts for the reduction of oxygen at a carbon electrode
in 6 M KOH has been studied. The magnetic susceptibility has been mea-
sured for the oxides before use and a formal magnetic moment calculated.
No obvious correlation between the measured quantities was found. Pos-
sibly some arguments can be given for the existence of a minimum of cata-
lytic effect for magnetic moments of about 1.8 Bohr magnetons. This value
is suggested to correspond to the similar quantity of superoxide ion O, ,
indicating an unfavourable interaction between catalyst and this reaction
intermediate having equal number of unpaired electrons.

Introduction

It has been known for many years that mixed oxides of the general
type (A,A’)(B,B')O; with a perovskite-related structure have good to fair
properties as catalysts for the reaction

O, +4e” + 2H,0 —> 40H™ 1

Of early investigations on such compounds one can mention those on
LaNiO; [1], (La,Sr, _,)CoO; [2] and (La,Sr,_,)MnO; [3]. Several reviews
on the physical properties of perovskite materials are available [4 - 6]. As
in most oxides of transition metal atoms with unpaired electrons the mag-
netic coupling is of great and intriguing importance. The discovery by
Hibbert and Tseung [7] that the transition of NiO from the ferromagnetic to
the paramagnetic state resulted in a significant increase in the catalytic
power of that oxide made the frame of the present work. How important are
the magnetic properties for the catalytic activity? Indeed, it has been a
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matter of some controversy as to whether the catalytic power is caused by
‘electronic’ or ‘magnetic’ properties in these systems [5]. This is not a simple
question as the magnetic properties so obviously depend on the electronic
structure of the system.

In the present investigation we have prepared a series of mixed oxides
of perovskite-related structure. We have measured their magnetic suscepti-
bility, specific surface and electrochemical activity. This latter property was
taken as the current density at a certain potential of the electrode; a high
current density implying a good catalyst, a low one implying a bad catalyst.
The reactions were performed using strongly alkaline solutions (6 M KOH).

The origin of catalytic activity is manifold. However, by measuring the
magnetic and electrochemical properties of identical preparations of widely
varying chemical nature one might trace a functional relationship. (From this
approach it is not even too important if the preparations are true perovskites
or not.) If such a relationship is found, the magnetic influence is one of the
causes of the catalytic effect but not the only one. This cause might act
through the interaction between the paramagnetic O, molecule (or the O,
formed as an intermediate) and the magnetic field originating from the
oxide. Such an effect should appear in the preexponential factor of the rate
expression as it implies an entropy-related ordering between the reactants.
Obviously, the direct contribution to energy terms will be negligible as
magnetic forces are much weaker than electrostatic ones.

Experimental

The oxides were prepared following the recommended literature pro-
cedure [8, 9], with some slight modifications. The preparations were made
by mixing solutions of the metal nitrates in requested proportions, drying
and treating the residue at 225 - 300 °C to drive off the nitrogen oxides.
Thereafter the oxide materials were calcined at a temperature of 1000 °C for
4 h. The (La,Pb)MnO; preparations were made from carbonates of the rele-
vant elements heated at temperatures up to 900 °C for about 10 h.

The magnetic susceptibility was measured on a microcomputer-con-
trolled Cahn RG electrobalance using the Faraday principle. This apparatus
has been described in other contexts by Albertsson et al. [10]. From this
susceptibility a formal magnetic moment was obtained per formula weight.
Some substances were collectively magnetic (ferromagnetic, ferrimagnetic or
antiferromagnetic) and consequently showed a response on the balance that
was dependent on the field used. For these systems we made linear extra-
polation to zero magnetic field. Even then the resulting magnetic moments
were much higher than one usually encounters for isolated chemical systems.
Figure 1 shows an extreme example of such an extrapolation for La, ,Pb ;-
Mn03 and Lao.sto_zMnO:;.

The electrochemical measurements were made with a half-cell arrange-
ment described before [11] that allowed the use of very small amounts of
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Fig. 1. Example of the procedure for extrapolating the measured magnetic moment to
zero field strength of the magnetometer when studying collectively magnetic species:
Lag_gPbg 2MnOj;, O; Lag 7Pbg 3sMnOj, O. The two lines represent two different prepara-
tions at somewhat different temperatures.

material. Therefore the current densities in no way indicate the maximum
capability of the catalysts. The cell arrangement is shown in Fig. 2. The elec-
trode was made up in the following way. A mixture of 50% (by weight) of
the oxide and 50% of a carbon black (Philblack 1- 1SAF) was ground in a
small ball mill for 10 min. Thereafter a few drops of ethanol was added to
the mixture and the suspension was applied on a porous PTFE sheet in an
even layer. The PTFE sheet was dried at 100 °C for 5 min. It was weighed
before and after the addition of the catalyst mixture. The catalyst—PTFE
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Perforated
Gold sheet Catalyst mass (3.0-50mg)

Graphite felt

Fig. 2. The electrode arrangement. The depicted unit is dipping into the electrolyte
solution, the gold wire is one pole and a platinum wire on the other side of a glass frit is
the other. The reference electrode is in close vicinity to the investigated electrode via a
Luggin capillar. Pure oxygen is slowly bubbled through the porous electrode out into the
electrolyte solution.
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sheet was mounted in a holder together with a piece of graphite felt (PE 204
Sigri Elektrographit GmbH) to prevent the catalyst from being dispersed into
the electrolyte. A perforated gold plate was used as a current collector. Pure
oxygen was passed through the electrode into the electrolyte. It was checked
that with this arrangement the current density — expressed as mA/mg cata-
lyst mixture — was independent of the amount of catalyst.

The procedure of measurement was the following. The open cell voltage
was measured after the start of the oxygen bubbling, then an initiating
(formating) process of the electrode was made so that current was drawn
from the system at a potential of —20 mV versus Hg/HgO for a period of 30
min. During this time the current was occasionally measured. Following this,
the open cell voltage was measured at intervals during a new 30 min period.
Thereafter the current was measured at decreasing values of the potential
versus Hg/HgO with 10 mV intervals, Finally the procedure was reversed,
i.e., the current was measured while stepping the potential back to the
original value. There was a slight hysteresis for some of the preparations for
the curves registered when reversing the sweep as described. The results
reported here, however, are the mean values of the readings in the forward
and return modes.

Typical polarization curves are represented in Fig. 3. No clear region of
Tafel behaviour could be found, indicating the complexity of the reaction.

The specific area of the preparations was determined with an Areameter
(Strohlein & Co) according to the method developed by Haul and Dumbgen
[12]. The numbering of the oxides to be used in subsequent figures and the
measured specific area are presented in Table 1.

Results

As an indication of the catalytic activity of the oxides we have used the
current density measured at the electrode potential —20 mV versus the
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Fig. 3. Two representative examples of the polarization curves. The upper curve repre-
sents Lag ¢Srg ;Co03 and the lower one represents Lag 7Pbg 3MnOj. In both cases the
points represent the mean value for both directions of sweep.
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TABLE 1

Numbering and specific area of the oxide systems used as catalysts in the present investi-
gation

Number Oxide system Specific area logi Magnetic moment
(m?g™1) (mAm~2)  (BM)
1 Cao_58r0.4Lao. 1MI)03 9.6 1.69 7.7
10 Lao'gsro'10003 1.0 2.26 4.4
11 Lao_ISro_gCoO;; 0.6 2.41 5.5
13 Lao_7Sro_30003 1.9 2.13 6.9
14 Lao.SSro.scoOE, 1.0 2.40 9.6
20 LaMno_gcuo.IOg; 2.9 1.49 5.8
21 LaMno_lCllo.go:q 1.0 0.90 1.8
22 LaMno_50u0.503 1.1 1.36 4.3
23 LaMno,3Cuo_703 1.1 1.19 3.1
24 LaMno_7Cuo_3O3 2.0 1.41 5.0
30 LaMn0.7Cro_303 3.0 1.37 2.5
31 LaMno‘lCl'o.903 4.8 1.16 2.8
32 LaMno.90r0_103 3.5 1.28 8.1
34 LaMng,_sCro 503 3.1 1.29 8.3
35 LaMn0_30r0_703 3.7 1.13 11.3
40 LaNiO3; 2.0 1.56 1.3
50 LaMn_3Ni 703 2.8 1.77 6.9
51 LaMno.sNio_sog; 2.4 1.00 13
60 SrMnO, 1.7 1.78 2.9
70 EuO.zsIO.sMno:; 3.4 1.63 4.0
71 Euo_4Sro.6MnO3 4.3 1.42 4.4
73 EuO_GSl'o.ano::, 0.7 2.01 4.9
80 Eug 2Cag_sMnO; 3.7 1.89 4.8
81 Eu0.4Cao.6Mn03 4.6 1.88 5.9
90 Lag sPbg oMnO; 3.9 1.60 32
91 Lao_7Pbo.3Mn03 5.2 1.00 20

Hg/HgO reference electrode. The results are given in Table 1 and also in
graphical form in Figs. 4 and 5. Figure 4 represents a series of very similar
oxides, viz. LaMn,Cu, _,0O;. Figure 5 gives an overview of all the measured
systems.

Discussion

The result given in Fig. 4 can be said to represent the difficulty in
separating the magnetic and electronic effects. Within this series of nearly
related oxides there is obviqusly a linear relationship betwn the properties
in question. Probably the magnetic moment is more important in this con-
nection than, say, for example) the UV spectroscopic parameters but they
are all interrelated. One can notice from Fig. 5 that the also closely related
systems nos. 30, 31, 32, 34, 35 also follow a linear relation but with a
negative slope. -
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Fig. 4. The catalytic activity (measured as log i(mA m™2) at the electrode potential
—20 mV vs. the Hg/HgO reference electrode) plotted against the magnetic moment of
the oxides La(Mn,Cu)O3;. The numbers refer to Table 1.
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Fig. 5. The catalytic activity of all the investigated oxides. Activity is measured as given
for Fig. 4. The point (1.60; 32) for Lag gPbg 2MnOj; is omitted to make the graph of
reasonable size. It indicates a possible increase of activity for very high magnetic moments
and thus constitutes a deviation from the ‘Tseung effect’ (cf. text) that can otherwise be
traced for the non-paramagnetic systems.

The spread of points in Fig. 5 is not very encouraging. It is hard to find
a convincing relation between the catalytic efficiency and the magnetism of
the catalyst. Indeed, the graph looks very much the same as those that one
finds in many treatises on catalysis in general. The lesson to be learned is
probably that there is not a very pronounced correlation between the
properties under discussion.
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The data in Fig. 5 can be summarized so that there seems to be a least
value of catalytic effect for such species where the magnetic moment is
about 1.8 BM. This is close to the value for the magnetic moment of the
superoxide ion, O, , indicating the presence of only one unpaired electron in
each molecule. It has been suggested [13, 14] that the rate determining step
in alkaline media involves precisely the superoxide ion adsorbed (coordi-
nated) at the surface

0, +H,0+e —> O,H + OH™ (2)

Our observation might therefore imply that the one-to-one electron arrange-
ment gives an unfavourable interaction between reactant and catalyst and
that the more unpaired electrons in the paramagnetic catalysts, the better
will the reactant be ordered towards the reaction site. The decrease of cata-
lytic effect towards the right hand side of the figure, when the formal mag-
netic moment of the systems get considerably above what is expected for a
paramagnetic state, agrees qualitatively with the findings of Hibbert and
Tseung [7].

Summing up, one might suggest that a purely magnetic influence on
the electrocatalysis is not very pronounced. The several orders of magni-
tude variation in the current density has to be explained otherwise. It is,
however, important to note that the weak influence that might be deduced
is in agreement with previous analysis of the reaction mechanism.
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