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The redox behaviour of  some new iron complexes has been studied in both acidic and alkaline 
solutions. The complexes were adsorbed irreversibly at the pyrolytic graphite disc of  a rotating 
ring(Pt)-disc electrode (RRDE) from a 10-3M solution of  the complex in N,N-dimethylformamide 
(DMF).  Moreover, the electrocatalytic properties of  these complexes for the cathodic reduction of  
oxygen were investigated. Both the redox behaviour and the electrocatalytic effect are discussed in 
relation to the medium composition as well as the molecular structure of  the complex. 

1. Introduction 

The electrocatalysis of oxygen reduction with transition- 
metal chelates has been studied by many authors 
[1-10], mostly in relation to energy conversion systems 
(fuel cells, metal-air batteries) and some industrial 
applications. These transition-metal complexes can be 
attached to electrode surfaces, an attractive approach 
for theoretical studies being the irreversible adsorp- 
tion of the complex onto pyrolytic graphite. Electro- 
catalytic activities with the N4-chelates of Fe and Co 
for O2-reduction are reported [11]. 

For most transition-metal complexes a probable 
structure for oxygen bonding is the end-on interaction 
as proposed by Pauling [12]. The a-bonding can occur 
through the transfer of a metal d~-electron to the ~*- 
antibonding oxygen molecular orbital with possible 
retrodative bonding from oxygen ~-orbitals to metal 
d-orbitals [13, 14]. The square pyramidal complexes 
of Fe(II) and Co(II), which show an attractive activity 
for oxygen reduction, involve such an end-on inter- 
action [15]. The adsorption of oxygen on the square 
pyramidal complexes of Fe(II) and Co(II), may lead 
directly to the superoxide state. It has been proposed 
also that oxygen binding to Fe involves O--or 02- 
states with Fe in the III-valent state [16, 17]. It was 
also shown that mononuclear Co chelates reduce 02 to 
H202; however, with Fe as the central metal ion, 
the reduction of 02 to H202 was predominant [11]. 
Collman et al. [18-20] have reported the reduction 
of 02 to H202 on cofacial dicobaltporphyrins. On 
the other hand, 4e-reduction of oxygen on planar 
cobalt complexes was also reported by Yeager and 
Sarangapani [21]. 

In the present investigation we report results with 
different Fe complexes, and discuss some correlations 
between the redox characteristics, electrocatalytic pro- 
perties and the molecular structure of the complexes. 
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2. Experimental details 

The electrochemical measurements were performed 
using a rotating ring (Pt)-pyrolytic graphite (Cp) disc 
electrode (A = 0.50cm 2, N = 0.242), in a standard 
three-compartment electrochemical cell, filled with 
150ml electrolyte solution (0.05M H2SO4 or 0.1 M 
KOH), either nitrogen or oxygen saturated. The redox 
behaviour of the seven complexes investigated (see 
Table 1) were measured cyclovoltammetrically at 
various sweep rates (50-300 mV s -~ ) in the absence of 
oxygen. The oxygen reduction was measured by scan- 
ning the disc potential from 1000 to 0 mV/RHE with 
50 mV s-~ at various rotation frequencies (4-64 s-1 ) of 
the RRDE. The ring was slightly platinized to ensure 
quantitative H202 detection; its potential was set at 
1200mV/RHE. Before measurements, the ring was 
activated by periodic evolution of hydrogen and 
oxygen for ~ 1 min. The catalyst was applied to the 
disc (previously polished with 0.3 #m AI20  3 solution, 
Buehler, then washed several times with distilled 
water) via irreversible adsorption from a 1 0 - 3 M  Solu- 
tion of  the complex in DMF. An adsorption time of 
30 min was used in all experiments. The temperature 
was kept at (293 _+ 1)K. A bipotentiostat type BI-Pad 
Tacussel coupled with a voltage scan generator, 
Wenking model VSG 72, was used for these measure- 
ments and the data were recorded using a Hewlett 
Packard 7046A X-Y recorder. 

3. Results 

3.1. Redox behaviour of the complexes in 02-free 
solutions 

The cyclic voltammetric (CV) data of the seven Fe 
complexes in 0.05 M H2SO 4 and in 0.1 M KOH are 
given in Table 2. The recorded cyclic voltammograms 

Box 269, Saudi Arabia. 

1005 



1006 E. BARENDRECHT ET AL. 

Table 1. Structural formulae of  the seven investigated iron organic complexes. 

CI H2 0 O ~  
(I) //CH --  (II) CI\[ / (III) N : C H  

f ~ ( / N  / 0// H20 --Fe --O / ~ . . ~  

~Q~"x N -/' ~ ' 0  
\ \  \ cl 

CH CH O CI 

. / - /Cl H , O  

C1 F] CH 0v) N= CH H,O ~ ~ II 

~ C l  fi2o/i ~ N  CI 

N I / .  H~O (V) k ~  
II ~ F e -  lq~O N 

CH i \ c (  II o% 
C1 

(vI) C l \  [ /H20 
H20--Fe--O 

O--Fe lH,O 
/ I ~ C I  - 

H~O CI 

H:O (vii) H~O \ 1 / c l  

~ O  C1--Fe--o 

of the complexes are shown in Fig. 1, both in acid and 
in alkaline solutions, 

Complex I. For this Fe-complex, characterized by the 
bonding system Fe, 2N, 20, two characteristic redox 
peaks were observed, both in acid and in alkaline 
solutions (Fig. 1.I). In acid solutions, however, the 
first oxidation peak is scarcely developed and more or 
less masked by the second peak; the first reduction 
peak is, however, clearly developed. Moreover, the 
degree of reversibility of these redox processes in 
acid and alkaline solutions can be derived from AEp- 
values (where AEp = AEp "ox" - AEp "red"). The 
AEp(red)-value for the first redox process is practically 
pH-independent, while the second peak shifts roughly 
- 7.5 mV/pH unit. 

Complex H. The CV-data of the Fe-complex (II) show 
that the first redox peak is composed by several over- 
lapping peaks, both in acid and in alkaline solutions 
(Fig. 1.II). The main peak is nearly pH-independent, 
both in Ep and in height. In the more anodic domain 
other overlapping peaks occur. At higher sweep 
rates the broad reduction peak in alkaline medium 
splits into at least two characteristic peaks, prob- 

ably indicating the existence of more than one adsorp- 
tion state of the same oxidation state of Fe. The 
redox processes of this Fe-complex in both acidic 
and alkaline solutions are evidently reversible. Also in 
this case, the cyclic voltammetric data show no sweep 
rate dependency of Ep and as expected for reversible 
behaviour, ip is proportional to the potential scan 
rate. 

Complex IlL This Fe-complex is also characterized by 
the group Fe, N, O. The redox behaviour of this 
compound in both acidic and alkaline medium is 
shown in Fig. lc. In these solutions two broad oxida- 
tion peaks are observed in the potential range from 
100-600mV (see also Table 2.III). 

At higher sweep rates, i.e. V >~ 100mVs -L, these 
broad peaks become better defined. The potential 
difference between the oxidation and the reduction 
peak is about 100mV (for both redox processes). In 
alkaline solutions the first redox process is rather 
masked and the peaks of the second redox process are 
very broad: the potential difference of these peaks is 
about 80 mV. Moreover, the second redox process is 
slightly shifted to more positive values and even so is 
the first redox process shifted to more negative values, 
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Fig. i. Cyclovoltammograms of seven Fe-complexes (see Table l) in 0.05 M H~SO 4 ( - - )  and in 0.l M KOH (- -), with the base lines 
for I, II, V and VI. Potential sweep rate: 100 rnV s L. Ic cathodic current, IA, anodic current. 

compared with the corresponding values for complex 
I and II. 

Complex IV. The redox behaviour of this Fe-complex, 
both in acid and alkaline medium, is shown in 
Fig. I.[V and tabulated in Table 2.IV. It is interesting 
to note that this compound contains two Fe centres 
and that each centre is of Fe, N, 0 system. The redox 
behaviour in both the acid and the alkaline solution is 
more or less similar to that of complex III. In acid 
solution the two redox processes are better separated, 
especially at higher sweep rates. It is clear from 
Fig. 1.IV that in alkaline solutions only the second 
redox process is less masked. 

Complex V. For this complex (See Fig. 1.V and 
Table 2.V) and in acid solution, and at higher sweep 
rates, e.g. v >~ 150mVs -I, a third redox process 
becomes visible, pointing to a more complex valence 
state behaviour. In 0.1 M KOH solution, the first 
redox process shows broad peaks, while the second 
process is very well-defined. 

Complex VI. The CV profiles of this complex, both in 
acid and alkaline solutions, are shown in Fig. I.VI. 
Concerning the molecular structure, this complex con- 
tains two Fe centres, as complex IV, however with a 
different ligand structure (see Table 1). Nevertheless, 
its behaviour is more or less similar to that of complex 
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V either in acid or alkaline solution. The stability of 
this adsorbed complex was tested in the acid medium: 
the electrode was left overnight ( ~  20 h) in 0.05 M 
H2SO4; solution; then the cyclic voltammograms were 
recorded. A similar redox behaviour as earlier was 
observed, but the redox peaks were shifted to more 
positive values by about 40 mV/RHE. 

Complex VII. The cyclic voltammograms of  this com- 
plex, (which also contains two iron centres but naphthyl 
moieties) in 0.05M H2SO 4 and in 0.1M KOH  solu- 
tions, are shown in Fig. 1.VII. In acid medium the 
voltammograms are characterized by broad and 
masked redox peaks with more pronounced peaks 
at higher sweep rates. At more positive potentials 
( ~  800 mV) other oxidation states of the complex (not 
only the central Fe but also the organic part) become 
apparent. In the alkaline solution, however, the ill- 
defined spectrum observed in the acid medium, is 
divided into at least two well-defined peaks. 

3.2. Results: oxygen reduction as studied at the 
RRDE 

All the Fe-complex catalysts were applied onto a 
polished (0.3 #m AlzO3 Buehler) Cp disc (A = 0.50 cm ~) 
via irreversible adsorption for 30min from a 10-aM 
N,N-DMF solution. The molecular structure of the 
complexes used are shown in Table 1. These com- 
plexes differ as to whether they contain one or two 
iron centres and/or in the type of  the ligand surround- 
ing the metal centre. The measurements are carried 
out with a R RDE and the water solutions were 
oxygen-saturated at room temperature, 

3.2.1. OR-reduction in alkaline solution (0.1 M KOH). 
The results for the oxygen-reduction at the iron com- 
plexes in 0.1 M KOH solution are shown in Fig. 2; the 

Disc potential (mV/RHE) 
0 200 400 600 800 

ooO.  . . . . .~ - - 
i ~ o o ~ ~  i 

DISC .ooO" . . . . . . . . . .  : ~ ; q /  

A.0 ,, ...~_=~_=," . . . . . . . . . .  " c.omptix 

-2 o _ T~ 

u-3.0 ~ ~ : . ~  . . . . . .  ~ �9 

- X ........ ~ ,z, oo ~ / " C '  . . . . .  

~ . . . . . . . .  ... k : ~  1100 ~ 

-5.0 ~176 . . . . . . . .  " ' "  % ~ :~.x [\ a:'-q 

, , . , , ~ ' ~ . , , ~ = . . ~ .  
0 200 400 600 800 

Fig. 2. Oxygen reduction as studied at the RRDE in 0. l M KOH; 
I D = disc current, I a = ring current at 1.2V/RHE_ Potential 
sweep rate: 50rnVs -~, rotation frequency: 16s L 

blank (only the prepolished Cp surface) is also shown 
in Fig. 2. In all cases the potential sweep rate was 
50 mV s- ~ and the rotation frequency l 6 s -~. 

The oxygen-reduction at a Cp electrode in 0.1 M 
K O H  solution starts at ~ 700 mV/RHE. 

Complex L The oxygen-reduction behaviour at this 
re-complex is shown in Fig. 2 (- - -). Comparing this 
with that at the substrate (Cp) only, it is clear that the 
reduction potential is shifted only some 50M00 mV in 
the positive direction. However, the limiting current 
values for both the disc and the ring are now more 
than double. The results for the other complexes do 
not show much difference compared to those obtained 
for complex I, neither in potential, nor in current. In 
all cases the reduction is mass-transport limited as can 
be deduced from the values of the limiting current at 
different rotation frequencies (4, 16, 36 and 64 s ). A 
stability test was carried out with complex (IV) in 
KOH solution by repeating the oxygen-reduction 
measurements as well as the CV profile ~ 18 h after 
the first measurement: no remarkable change in 
behaviour was recorded. 

Generally, for all these complexes the oxygen- 
reduction in 0.1 M K O H  solution occurs at about 
750mV/RHE. The final reduction product of O~ 
under these conditions is mainly H202, as can be 
concluded from the ratio of the disc and ring current 
values. It is intesting to note that the oxygen-reduction 
behaviour at the cobalt tetrasulphonato Phthalo- 
cyanine (CoTs-Pc) catalysts, studied by several authors, 
shows a similar behaviour. However, the stability 
for (CoTsPc) is less than that for the re-complexes, 
studied here. 

3.2.2. 02-reduction in acid medium (O.05 M H2S04). 
The behaviour of oxygen-reduction at the Fe-complexes 
I, II, III, V, and VII, in 0.05M H2SO4 solution is 
shown in Fig. 2b. Both the disc and ring currents are 
decreased compared to alkaline solutions (Fig. 2), 
which can be explained by a partial deactivation of  the 
catalytically active sites in acid solution. It is clear 
from the ratio of the ring and disc currents that no 
change in the oxygen-reduction mechanism occurs 
compared to the alkaline solution. 

In fact in 0.05M H2SO4 solution, the reducl:ion 
current shows no typical rotation frequency depen- 
dence which indicates that the reduction process is not 
purely diffusion controlled. Moreover, the reduction 
process of oxygen in the presence of  the Fe-complex at 
the disc starts at ~ 8 0 0 m V / R H E  and it is mainly 
kinetically limited. 

On the other hand, the oxygen-reduction current as 
well as the catalytic activity of the Fe-complexes under 
investigation are found to increase with time in 
0.05 M H2SO4 solution. Also, a positive electrocatalytic 
effect of  the adsorbed Fe-complexes towards the 
O2-reduction to H20 exclusively may be obtained as a 
result of  dipping the adsorbed catalysts in the platiniz- 
ing solution, probably such behaviour is caused by 
increasing the number of  active sites at the disc surface 
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Fig. 3. Oxygen reduction as studied at the RRDE in 0.05 M HzSO4; 
I D = disc current, IR = ring current at 1.2V/RHE. The complexes 
II, III and V are recorded without (a) and with exposure to a 
platinizing solution for 30 min (b). Potential sweep rate: 50 mV s- ', 
rotation frequency: 16 s- ~. 

via Pt-adsorption or through ion-exchange of some 
Fe-centres with Pt-ions. 

Such improvement of the modified surface to 
oxygen-reduction is observed only in 0.05 M H2SO 4 
solution (see the behaviour of the complexes II, III 
and V, time of exposure 30 rain. See Fig. 3). 

4. General discussion 

4.1. General discussion of the redox behaviour of the 
Fe-complexes in O2-free solutions 

The cyclovoltammograms of  the different adsorbed 
Fe-complexes in 0.05M H2SO 4 and in 0.1M K O H  
solutions are given in Fig. 1. Compared to the Cp 
background, the adsorbed molecules give rise to one 
or more redox peaks. In the case of a reversible elec- 
tron transfer to the adsorbed species, the redox poten- 
tial is equal to the peak potential and the peak area 
proportional to the catalyst loading. 

The assignment of the different redox peaks to the 
valence states is not completely straightforward. The 
redox peaks observed at the higher potentials are 
probably due to the Fet~/Fem-redox couple; even so, 
the redox peaks at the lower potential values can most 
probably be related to the Fe~/Fe~Lredox couple. The 
difference in the redox behaviour, on going from 
alkaline to acidic medium, must partly be attributed to 
the protonation of the N = C H  group. The redox 
behaviour as such is highly influenced by the molecular 
structure of the complex, i.e. by the ligands surround- 
ing the central metal atom (Fe), and whether the 
complex contains one or two Fe-centres. The redox 
behaviour of the iron-tetrasulphonato-phthalocyanine 
(FeTsPc) complexes at higher potential is due to the 
Fe (III)-TsPc couple [7], with the redox reaction: 

Fe~ + H 2 0  § e-  . " Fe(mOH2 + O H -  

On the other hand, the peak observed at lower 
potential values was believed to be due to some 
reduced form, caused by electron delocalization in the 
7c-system of  the ligand or, alternatively, with the Fe in 
the I-state. 

4.2. General discussion on the cathodic 02-reduction 
at the Fe-complexes 

The results of the oxygen-reduction experiments are 
depicted in Figs 2 and 3 (alkaline and acid solutions, 
respectively). 

Oxygen reduction is considered to proceed by two 
pathways [22, 23]: 

(i) Direct 4-electron pathway 
In acid solutions: 

02 + 4H § + 4e . > 2H20; 

In alkaline solutions: 

02 § 2H20 § 4e-  > 4OH- ;  

E ~ = 1.229V 

pH = 0 (1) 

E ~ = 0.401V 

pH = 14 (2) 

(it) Peroxide pathway 
In acid solutions: 

0 2 § 2H + + 2e ~ H202;  

followed by either: 

H202 § 2H + + 2e- 

E ~ = 0.67V 

pH = 0 (3) 

, 2H20; E ~ = 1.77 V 

(4) 

Or  

2H202 

In alkaline solutions: 

, 2 H 2 0  + 02 (5) 

02 § H 2 0  + 2 e -  

E ~ = 

pH = 

followed by either: 

HO2 + H20 + 2e > 3OH ; 

E ~ = +0 .867V 

Or 

> HO2 § OH-;  

0.065 V 

14 

(6) 

(7) 

2HO~- , 2OH-  + 02 (8) 

(for these reactions the potential values are given with 
respect to the normal hydrogen electrode (NHE) at 
25 ~ C). 

The cathodic reduction of oxygen in alkaline solu- 
tions (Fig. 2a) indicates a pure diffusion controlled 
4-electron reduction process, i.e. the peroxide path- 
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way is followed. Fig. 2, shows though not clearly, a 
first wave and the start of a second wave. The first 
wave may correspond to the reduction of 02 to HOs 
according to Reaction 6, while the second is attri- 
buted to the further reduction of HOs to OH- as 
given in Reaction 7. 

In acid solutions both disc and ring current values 
are decreased compared to alkaline solutions. This 
may be explained by a partial deactivation of the 
catalytically active sites in acid solutions. 

Another interpretation of such results may be 
offered by the assumption of specific adsorption of 
oxygen at different active sites followed by the transfer 
of the first electron as a rate determining step. For 
example, 

O2 + H + + e- ~ HO2 

On the other hand, the dependence of the ring 
current on the disc potential might signify an influence 
on the O2 adsorption by water dipoles. Generally, in 
0.05M HaSO4 (Fig. 3), the reduction is kinetically 
limited at low overpotentials, while at higher over- 
potentials, the current is clearly diffusion limited and 
the reduction also proceeds to H20. 

The formation of dimeric #-peroxo oxygen adducts 
on iron containing chelates has been well documented 
[24]. Since it is most likely that the adsorbed molecules 
lie parallel to the surface, these dimeric species are 
few in number, for formation of these dimeric species 
demands considerable surface mobility, because of the 
required 0.4 nm spacing. It is clear from the results in 
the acidic solutions that we may have monomeric and 
dimeric O2-adducts. At low overpotentials only the 
dimers are able to reduce dioxygen, but at high over- 
potential the monomers start to reduce 02 and some 
H202 as an intermediate product, is also formed. 

It may be stated that, the reduction behaviour of 
oxygen at the Fe-complexes studied is mainly medium 
dependent, while the molecular structure of the com- 
plex has hardly any influence. 

It is noticed that the Era-values are shifted in 
the anodic direction by repeated scanning in 0.05 M 
H2SO 4 solution (Fig. 3), i.e. the activity of the catalyst 
increases by creating more active sites, particularly 
when the RRDE is pretreated in the platinizing solu- 
tion. Even so, the reduction current increased (at con- 
stant rotation frequency). In order to clarify such a 
phenomenon a series of experiments were performed 
without the catalyst as well as with different catalysts. 
It was concluded that, the behaviour obtained with 
the Fe-complexes studied, pretreated in the platinized 
solution and in 0.05 M H2SO 4 solution, may indicate 
the increase of active sites with time which modify the 
surface. Such surface modification may be obtained 
either via Pt-adsorption or the ion exchange of 
Fe-atoms for Pt-centres in the complex, which are 
catalytically more active. 

Preparation of Pt-complexes using similar and 
other ligands used are now under consideration and 
detailed studies will be published elsewhere [25]. 

5. Preparation and spectroscopic studies of the 
complexes 

Schiff base ligands were prepared by condensation of 
amines with appropriate amounts of aldehydes. 
The complexes were prepared by mixing an alkaline 
alcoholic solution of the ligand with a solution of 
ferric chloride, dissolved in the same solvent. The 
mixture was refluxed for about 2 h on a water bath. 
The compounds obtained were filtered off, washed 
with ethanol and dried. The composition of the ,com- 
plexes, prepared in the molar ratio (1:I) (metal: 
ligand) can be represented as FeC12. nH20. To prepare 
binuclear complexes, i.e. in the molar ratio (2: 1) 
(metal : ligand), some excess of metal ion and at least 
a solution of 2 M NaOH must be added, as confirmed 
from the analysis of the solid complexes. 

On examining the i.r. spectra of the complexes it 
was found [26] that, in the mononuclear complexes the 
Schiff bases behave as tetradentate dibasic acids 
towards the ferric ion, i.e. the two nitrogen atoms and 
two oxygen atoms contribute to complex formation 
which can be represented as follows: 

C1 

N 0 

X e" 

\N"ZI_ { ~O___1 

H20 

X = ligand 

For other mononuclear complexes, it was found [26] 
that the ligand functions as a bidentate monobasic 
acid as follows: 

CI_ N / X ~ N  

Fe ~ '"  l [-O 
CI O H 

(H20)n 

Also, the i.r. spectra of the binuclear Fe3+-complexes 
give the following structure: 

~ X  CI 

Lo / ["o.2 I \oJ 
CI CI 

where X = ligands. 
The electronic absorption spectra revealed [23] that 

the position of the bands can account for the octahedral 
arrangement of the ligands around the Fe3+-ions. 
More details concerning the structure, and spectro- 
scopic studies of the complexes, are given elsewhere 
[26]. 
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6. Conclusions 

The most  extensively studied chelates as oxygen- 
reduction catalysts are transit ion metal phthalo-  
cyanines (MePc), tetrasubstituted porphyrins (MeTRP) 
and dihydrodibenzote t raazaannulenes  (MeTAA).  It 
was found [11] that f rom the 3d transit ion metals, the 
N4-chelates o f  Fe and Co exhibit the highest activity. 
With respect to the macrocyclic  structure, T A A  shows 
the highest activity, followed by Pc and TRP.  In the 
present study, new results for some Fe-complexes are 
demonstrated.  Such complexes have either mono-  or 
binuclear Fe-Centres, and the structure o f  the ligands 
used are quite different. The adsorpt ion o f  oxygen is 
explained by the format ion  of  a o -bond  between a lone 
pair o f  the oxygen molecule and the empty 3dz2- 
orbital, and back-bonding  due to overlap o f  an empty 
7r* ant ibonding orbital o f  oxygen with a filled 3dxz-or 
3d,:-orbital.  The strongest interaction is therefore 
obtained with Fe(II). 

Different ligands change the location o f  the energy 
levels of  the 3d orbitals, e.g. with T A A  the highest 
overlap between the 3d-orbitals o f  the central metal 
ion and the molecular  orbitals of  oxygen is obtained. 
With respect to the mechanism of  oxygen-reduction,  
most  authors  assume that  the rate determining step is 
the format ion  of  superoxide [27, 28]: 

02 + e > 0 2 

which is pH-independent .  Generally, depending on 
the specific properties, as well as the selectivity o f  the 
catalyst, 0 2  may directly be reduced to H 2 0  2 or to 
H20  as a stable end product .  The selectivity, is deter- 
mined by the way the oxygen is adsorbed onto  the 
catalyst [29]. I f  the O2-molecule interacts with only 
one metal a tom (end-on or side-on adsorption),  then 
H202 may  be produced.  On the other hand, if the 02 
molecule is adsorbed at two metal a toms (bridge 
adsorption),  direct 4e- - reduc t ion  to H20  becomes 
possible. The previously discussed results for the 
Fe-complexes used fulfill both  cases (H20  and H202 
formation)  in acid and alkaline solutions. 

For  the application o f  transit ion metal chelates in 
fuel-cell electrodes good  stability is of  prime import-  
ance. The Fe-complexes used in this study have high 
stability: on repeating the measurements,  i.e. either 
CV or O 2 reduct ion profiles after leaving the elec- 
trodes ~ 24 h in the electrolyte solution and also after 
several scanning cycles, the same results were obtained. 

Even the E~/2-values, as well as the enhancement  o f  the 
current levels, were increased. 
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