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ABSTRACT

The potential use of a double B mixed-perovskite as a promising cathode material in intermediate
temperature solid oxide fuel cells (IT-SOFCs) has been anticipated as a result of this work. A thor-
ough investigation of some important parameters like thermal stability, thermal expansion, oxygen
non-stoichiometry, electrical conductivity and diffusion characteristics of the PrNipgFep405_s ceramic
sample have been investigated as functions of temperature (20-1000°C) and oxygen partial pressure
(0.6-21,000 Pa). According to the measurements, the composition was phase stable at pO, >1Pa up to
1000 °C and shows p-type semiconductivity with a low conductivity versus pO, dependence.

The perovskite has been found to have comparable thermal expansion coefficients with those of
commonly used solid electrolytes like CeO, and ZrO, based oxides. In case of the chemical diffusion
experiments higher oxygen diffusion mobility observed during reduction processes in comparison with
those during oxidation have been explained by the already known formation of neutral defect clusters.

Oxygen non-stoichiometry
Chemical diffusion
Oxygen exchange
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1. Introduction

New cathode materials for use in solid oxide fuel cells (SOFCs)
are constantly being studied all over the world. Out of the SOFCs
that exist, intermediate temperature solid oxide fuel cells (IT-
SOFCs) are very popular since they allow the use of low-cost
interconnects and have less frequent problems with sealing and
thermal degradation, just to name a few. Despite the advantages,
one major problem faced by this type of SOFC is the fact that polar-
isation resistance on the cathode side is generally higher than that
on the anode side leading to breakdown in the functioning of the
fuel cell. Lanthanum strontium manganate (LSM) cathodes have
since long been the most commonly and widely studied materials
and only recently Fe-Co based perovskite cathodes have entered
the scenario. Fe—Co based perovskites have many important prop-
erties out of which one is a reasonably low polarisation resistance
as in the case of Lag gSrg 4Fe g§C0g205_5/Gd doped CeO, cathode at
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600°C [1]. Although the latter could have been a good candidate
as a cathode material in IT-SOFCs, its major drawback lies in its
relatively high difference in thermal expansion coefficient (TEC) as
compared to that of the common electrolytes, e.g. with YSZ (differ-
ence of 7.5 x 10-6 K~1) and with CeO, based oxides (difference of
(6-15) x 106 K=1), Such a difference in TECs between the cathode
and electrolyte would cause thermal stress at the interface dur-
ing the operation of the fuel cell at high temperatures leading to
cracking and delamination.

Similarly, other candidates like Fe-Ni perovskites with high
electronic conductivity and comparable thermal expansion coef-
ficients with that of CeO, and ZrO, based oxides have also been
studied. Hashimoto et al. [2] have studied conductivity profiles of
PrNi;_xFexO3 (x=0.4-0.6) materials at high temperature and also
theirimpedance and polarisation curves on Cey gGdg 10,_5(CGO10)
electrolyte and compared them with LaFeg 4Nip g03_s. On the other
hand, according to magnetic and electronic structure studies on
similar substances carried out by Kumar et al. [3], the substitution
of Ni for Fe site in PrFeOs is said to increase their conductivity and
stabilise the ferromagnetic ordering.

PrNi;_yxFexO3 ceramics have been shown to have high electronic
conductivity, thermal expansion coefficients comparable to CGO
and hence are very promising as SOFC electrodes and oxygen per-
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meable membranes [1]. It has to be noted, that an effective pO,
gradient within the SOFC cathode is formed once current begins
flowing. Therefore, it is particularly important to know the prop-
erties of these materials as a function of oxygen partial pressure
and temperature [4,5]. Also, no data about thermal stability, oxy-
gen non-stoichiometry, and electrical conductivity at low oxygen
partial pressures (pO,) for these compounds are available up to
date. In the present investigation, we aim to study these parame-
ters in PrNig4Fepg03_s a double B mixed perovskite, as functions
of temperature and oxygen partial pressure.

2. Experimental
2.1. Powder synthesis and physical characterisation

PrNig 4Fegg03_5 powder was prepared by the solid-state reac-
tion method. The constituent metal oxide powders PrgOq1; (99%
pure, Alfa Aesar), NiO (99% pure, Alfa Aesar) and Fe,03 (Analyti-
cal Reagent, Reanal Hungary) were first ball-milled in an agate mill
in stoichiometric amounts along with some minimum amount of
ethanol for 24 h. The resultant paste was left to dry and form a mass
which was ground in a mortar using a pestle to form uniform pow-
der and then pre-calcined in air up to a temperature of 1000 °C for
17 h with a heating and cooling rate of 5°Cmin~—'. The cooled mass
was then ground again to a fine powder and then further treated
as required for various experiments as discussed below. This pow-
der pre-calcined at 1000 °C has been analysed at room temperature
(RT) by XRD measurements (Siemens D5000 diffractometer, Cu K,
radiation) using a PVC sample holder.

In situ high-temperature structural studies in the tempera-
ture range from RT to 900 °C were performed at the synchrotron
facility HASYLAB/DESY (Hamburg, Germany) with the powder
diffractometer at beam-line B2 [6]. For this set of experiments,
0.3 mm diameter quartz capillaries were filled with powdered sam-
ples and subsequently mounted inside a STOE furnace equipped
with a Eurotherm temperature controller and a capillary spinner
(Debye-Scherrer geometry). The furnace temperature was mea-
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sured by a Ni/CrNi thermocouple. The wavelength of 0.651254 A
was selected using a Si(11 1) double flat-crystal monochromator
and determined from eight reflection positions of LaBg reference
material (NIST SRM 660a). All diffraction patterns have been col-
lected at fixed temperatures during the heating—cooling cycle using
an image-plate detector [7] (260 range 8-62°, step size of 0.004°).
Additional check-patterns were taken after the heat treatment
at room temperature. Data evaluation was performed using the
package ‘FullProf [8], the averaged structure was analysed by the
full-profile Rietveld method.

Thermal expansion coefficients were measured on porous sam-
plesin airin a LINSEIS dilatometer, temperature range of 20-850°C
with aramp-rate of 10°Cmin—!. SEM images were recorded using a
Zeiss DMS 982 Gemini field emission scanning electron microscope
equipped with a Noran Voyager energy-dispersive spectroscopy
system.

2.2. Sample preparation

Porous ceramic samples for conductivity and oxygen exchange
measurements were prepared by sintering pressed bars (dimen-
sions: 10 mm x 3 mm x 1.5 mm) in air at 1200 °C for 17 h, whereas
gas dense ones for oxygen diffusion measurements were prepared
by sintering similar bars at 1500 °C in air for 17 h (Fig. 1a). To check
gas-tightness of the sintered samples, discs of 15mm diameter
were sintered at 1500 °C in air for 17 h. Apparatus shown in Fig. 1b
was used for the examination of the discs. If the sample was porous,
lower pressure was created inside the jar 4 pre-filled with helium,
due to the faster diffusion of the smaller He atoms outside in com-
parison with the diffusion of larger N, and O, molecules from air
into the jar.

2.3. Oxygen content and electrical conductivity measurements

Oxygen non-stoichiometry and electrical conductivity of the
ceramic samples were investigated using a solid electrolyte
measuring technique ZiroxySystem (Zirox, Greifswald, Germany)

i 5\\ 8 support for apparatus with scale A
N 9 mitial level of water ¢ /
__Room 10 final level of water g
Temperature

b Apparatus to check if sample 1s gas-tight or not

Fig. 1. (a) Schematic representations showing sintering procedures for (i) porous ceramic samples and (ii) gas-tight ceramic samples. (b) Apparatus to check if sintered

sample is gas-tight or not.
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Fig. 2. Scheme of a solid electrolyte measurement device ZiroxySystem (Greifswald, Germany).

which is analogous to the OXYLYT system described elsewhere
[9] (Fig. 2).

Direct current (dc) 4-point method was used for conductivity
measurements. Both oxygen non-stoichiometry and electrical con-
ductivity characteristics were measured simultaneously in air and
in Ar/O; gas flow (pO, =21,000, 23, 6, 2.4 and 0.6 Pa) in tempera-
ture range of 20-1000 °C. Porous as well as gas dense samples were
used for the measurements. The conductivity of these samples was
recalculated for non-porous samples using the following equation:

1+p/2 1
(1-py* M

where pis the relative porosity, and 4 and o, are the conductivities
of dense and porous samples, respectively [10].

Phase stability of ceramic samples after treatment up to the
maximum temperatures at every oxygen partial pressure was con-
trolled after their cooling to room temperature by XRD.

04 =0p X

2.4. Oxygen diffusion mobility and oxygen surface exchange

Chemical diffusion and oxygen surface exchange coefficients
were determined by conductivity measurements of the gas dense
sample obtained after every 50°C temperature jumps from one
equilibrium state to the other at every step. Temperature jumps
up and jumps down were carried out at a rate of 40°Cmin~1.
New equilibrium states were reached after 10-50 h exposure of the
sample to new conditions depending on the temperature region
and oxygen partial pressure e.g. progressively increasing expo-
sure times were required for the sample to attain equilibrium with
progressive increase in oxygen partial pressures. Relaxation param-
eters were determined in Ar/O, gas flow at oxygen partial pressures
21,000, 36, 23, 6, 2.4 and 0.6 Pa.

The analysis of the results of relaxation measurements was car-
ried out using the solution of Fick’s second law for a rectangular
sample with the dimensions 2h x 2w x 21 by the following equation
[11]:

o0 _ | 52U e Dot
Oco — 00 , BZ(B? + L} +Ly)

212 exp(—yZDot/w?) 212 exp(—382Dot/12)

Ya(Va +15 +L2) S3(8F + 15 +Ls)

where 0, 0, and o; denote the apparent conductivity at time t=0
(initial), t = co (after reaching a new equilibrium state) and time ¢ (in
the course of relaxation) respectively; Dy is the chemical diffusion
coefficient, t is the diffusion time. The dimensionless parameters

L1, Ly, and L3 are defined using the linear oxygen exchange rate
constant () and the chemical diffusion coefficient (Dg) as

(2)

L= 2.1)
Do
wo
L - = 2.2
2= By (2.2)
lo
L3 = — 2.3
3 Bo (2.3)

,3,' tan ,3,' = L] (24)
Ym tan ym =Ly (2.5)
Sp tan 8, = L3 (2.6)

which serve as a good measure of the significance of the surface
reaction. Large and small L values correspond to diffusion-
controlled and surface-reaction-controlled processes, respectively.
Bi, ¥m, and &, are the nth roots of the Egs. (2.4-2.6); 2h, 2w and
2l are thickness, width and length respectively, of the sample with
rectangular geometry.

This model of calculation is based on the following restrictions
[11,12]:

(i) With small changes in oxygen non-stoichiometry (approxi-
mately 0.01 of the oxygen index) the diffusion parameters are
assumed to be independent of the composition. In other words,
the sample is assumed to maintain its composition within the
whole volume before and after the temperature step.

(ii) The mobility of the charge carrier can be approximated as con-
stant during the course of relaxation.

(iii) A linear relation should be assumed between the changes of
the electrical conductivity and the concentration of the lattice
oxygen or the oxygen vacancies.

(iv) The surface reaction kinetics is linear with respect to the oxy-
gen concentration at the surface.

(v) The polycrystalline samples are assumed to be isotropic.

(vi) The value of the diffusion coefficient was related to the final
temperature after each step.

The accuracy of the relaxation measurements is however limited
by

(i) errors in the measurement of the geometrical dimensions of
the sample.

(ii) different ceramic microstructures of samples as a result of
ceramic preparation of powders, pressing and sintering con-
ditions.

(iii) the experimental uncertainty of a “dead time” after a leap in
temperature is captured by the sample.

3. Results and discussion
3.1. Structural and thermal characterisation

A portion of the PrNig4Feq03_spowder prepared at 1000°C
was heated at 1350 °C for 17 h and then cooled to room temperature
before it was analysed further by synchrotron measurements. The
resulting mass was crushed and ground to form a powder. It was
black in colour and analysed by powder diffraction of synchrotron
radiation to be single-phase orthorhombic perovskite with Pbnm
space group (Fig. 3), where the degree of orthorhombic distortion
is characterised by the tilting of the BOg octahedra. X-ray diffrac-
tograms recorded at 1000°C and 1350°C showed no difference in
patterns confirming a pure single phase formation.
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Fig. 3. Graphical results of Rietveld refinement for PrNigp4Feos03_s. Open circles
(red) indicate experimental data, the line (black) through the open circles is the cal-
culated profile and the lowermost plot (blue) is their difference. The ticks (green) in
between the 2 profiles show the calculated positions of reflections. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

The  temperature dependent diffraction data  of
PrNig4FeqsO3_sshowed linear changes in lattice parameters
and cell volume and revealed no phase transitions in air conditions
in the temperature range of 20-900°C as shown in Fig. 4.

Expansion in a and c directions of the orthorhombic lattice
is characterised by TEC of 13.7 x 10-6K-! and in b direction by
6.7 x 10-6K-1. These are in good agreement and comparable with
the TEC's found by dilatometric measurements in air over 100°C
(Fig. 5). As shown in Fig. 5, PrNig4Feps03_5 has a TEC value
of 10.5 x 1076K~1 at 400°C which gradually increases to about
11.4x 10-6K-1 at 800°C. These values are very near to those of
the conventionally used electrolytes YSZ (TECof11 x 10-6 K-1)and
Ce0; (TEC of ~11.6 x 10-6K~1). Thus it would be interesting to
study the combination of such a cathode with conventional elec-
trolytes since the thermal stress at the interface and hence cracking
and delamination of the fuel cell would be greatly reduced at oper-
ating temperatures.

Fig. 6 shows three different surface SEM images of the sample
after high temperature investigations. The surface morphology is
seen to be rough in Fig. 6(a). This could result in quicker oxygen
exchange in this case. Closer examination shows no visible micro-
or mesoporosity in the sintered samples. The ratio of the grain
boundary section to the bulk diffusion section is very low and hence
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Fig. 4. Dependence of lattice parameters of the PrNig 4Feo03_s powder on temper-
ature determined in air.
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Fig. 5. Thermal expansion coefficients of the porous PrNig4Fes03_s ceramic sam-
ples measured in air at the rate of 10 °C min~'. Heating curve (red) and cooling curve
(blue). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

we believe that the diffusion process is controlled by the bulk dif-
fusion of oxygen. This process is well explained by the model used
in our work.

3.2. Oxygen content and electrical conductivity

Electrical conductivity and oxygen exchange characteristics of
the porous ceramic sample at pO, of 23 Pa during stepwise tem-
perature jumps are presented in Fig. 7. Oxygen content values of
the sample at room temperature before stepwise heating and after
subsequent cooling processes coincide (plot 2) and this can be con-
sidered as an indication of phase stability of PrNig4Feqs05_s at
these conditions. Room temperature powder XRD patterns of the
sample measured before and after this treatment proved the phase
stability of the sample.

The time dependences of the parameters presented in Fig. 7 indi-
cate fast equilibration of the PrNig 4Feg gO3_s porous sample at pO;
of 23 Pa after the mentioned temperature jumps. Plot 1 shows titra-
tion current in which deviation from the base level is a measure of
amount of oxygen released (minimum) or absorbed (maximum)
during the heating or cooling processes, respectively. Using this
titration current, the actual oxygen content in the ceramics can be
calculated accurately during the entire course of the experiment
and is shown as Plot 2. Also, conductivity changes and tempera-
ture steps are clearly shown by Plots 3 and 4, respectively. Some
characteristics observed during the course of this experiment can
be summarized as follows:

(i) The sample is stable at pO, of 23 Pa up to a temperature of
about 600 °C (Plots 1 and 2).
(ii) Between 600 C and 800 °C uptake of oxygen is small but mea-
surable with corresponding increase in conductivity (Plot 3).
(iii) In the temperature range of 800-1000°C loss of oxygen is
higher than that between 600 °C and 800 °C. Correspondingly,
the conductivity increases slightly at some intermediate tem-
perature which then decreases to be stable at 1000 °C. This
shows that conductivity depends not only on temperature but
also on the oxygen content of the ceramics. During the cool-
ing steps one observes absorption of a proportional amount of
oxygen similar to that lost during the entire heating process.
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Fig. 6. SEM images of the already investigated sample: surface of entire sample (a), rough surface after breaking the sample in the middle into two halves (b), and polished

surface of one of the broken halves of the sample (c).
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Fig. 7. Time dependences of titration current in coulometric cell 2 of ZiroxySystem
device (plot 1), oxygen content (plot 2), conductivity (plot 3) and temperature (plot
4) of the PrNip4Feos03_s ceramic sample in Ar/O; gas flow at pO, =23 Pa.

Conductivity of the PrNig4FeqgO5;_sceramics was found to
increase with increasing temperature over the range from room
temperature to 1000°C in air and at pO, of 6Pa and as a small
maximum at pO, of 23 Pa. This maximum in conductivity is caused
by the changing oxygen content of the sample during the cooling
process. In the cooling curves in Fig. 8, it can be observed that
activation energy (E,) increases from 0.1eV in air (21,000 Pa of
oxygen) to 0.12 eV at pO, of 23 Pa and finally to 0.14eV at pO, of
6 Pa. This can be explained as to be due to the restriction of elec-
tron transfer through the -B-0O-B-0O- chains because of the higher
concentration of oxygen vacancies created due to the increase
in temperature and decrease of oxygen concentration in gas
phase.

Also, conductivity was found to increase with increasing oxy-
gen partial pressure and can be attributed to p-type conductivity.
No linear dependencies in log(conductivity) vs. log(pO,) coordi-
nates were observed in the whole pO, range (6-21,000Pa) at
400, 600, 800 and 1000°C (Fig. 9). The parameter (k) in equation
0 =09 -(p0,)¥ has been varied between +1/30 and +1/4 depending
on the temperature and oxygen partial pressure ranges as shown
in Fig. 9. Low pO, range is characterised by higher k values. Since,
no additional intermediary oxygen concentrations were studied
between 23 and 21,000 Pa, an exact conductivity dependence in
this pO, range is not available. It is possible that in oxygen rich

atmospheres this compound is stable and its conductivity is inde-
pendent of pO, particularly at low temperatures. The low oxygen
partial pressure range is then characterised with the k parameter
varied between +1/4 and +1/6.
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Fig. 8. Dependence of conductivity of the PrNig4Feq¢0;_s ceramic sample at three
different oxygen partial pressures on temperature during cooling process.
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Fig.9. pO, dependence of the electrical conductivity of the PrNig 4Feo 03_s ceramic
sample.
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3.3. Chemical diffusion coefficient (Do) and oxygen surface
exchange rate («)

Fig. 10 shows typical results of one of the relaxation experiments
used in the calculation of oxygen diffusion and surface exchange
characteristics on gas dense PrNig4FegO3_gceramic sample in
Ar/0, gas flow at pO, of 6 Pa. It demonstrates the fact that such step-
wise measurements can yield reproducible and reversible results
when switching between two temperatures and the sample is
allowed enough time to attain its new equilibrium state. For exam-
ple, in Fig. 10, both reduction steps 2 and 4 show almost equal
changes in conductivity and hence their diffusion characteristics
were obtained and found to be comparable. However, since the ini-
tial equilibrium state was not reached, it is difficult to calculate the
diffusion coefficient in oxidation step 1 and compare it with that
calculated from step 3. Hence, diffusion data in all other temper-
ature steps have been calculated and presented only for the third
(oxidation) and fourth (reduction) steps.

Similar conductivity values obtained at 700 °C before and after
treatment of the sample at 650 °C pointed to stability of the sam-
ple during this treatment and reversible change of its conductivity
and hence its oxygen content. Analogous measurements were per-
formed in air and in Ar/O, gas flow at pO, 23, 2.4 and 0.6 Pa by
temperature jumps 650 — 705 — 758 — 808 — 858 — 908 °C and
then followed by cooling steps with the same temperature jumps
in the opposite direction.

Fig. 11 illustrates good conformance of calculated and exper-
imental (o —0¢)/(0. —0g) values measured at pO, of 6Pa after
temperature jump of 900-950 °C for the proposed oxygen surface
exchange constant () and the chemical diffusion coefficient (Dg).
This shows that the conductivity relaxation kinetics has been well
described by the model chosen in Section 2.4 which considers relax-
ation process control by both partial bulk oxygen diffusion and
oxygen surface reaction. Due to the small ratio of grain boundary
to volume sections of the sample (Fig. 6¢) the ascertained diffu-
sion coefficients can be attributed to volume chemical diffusion of
oxygen.

The calculated chemical diffusion coefficients (D) and oxygen
surface exchange rates (o) determined in Ar/O; gas flow at pO, 0.6,
2.4, 6 and 23 Pa are presented in Figs. 12 and 13. The oxygen dif-
fusion coefficients determined by stepwise heating of the sample
(reduction) are higher in comparison with the coefficients deter-
mined by cooling of the samples (oxidation) as shown in Fig. 123,
¢, e and g. This can be explained by lower concentration of oxygen
vacancies which are dispersed in a statistically regular manner in
the sample at lower temperatures. This actually means the sam-
ple at the beginning of the reduction processes was characterised
with lower oxygen vacancy concentration as compared to when it
underwent oxidation processes.

It is possible that oxygen vacancies form neutral defect clus-
ters of the type (B-Vo-B), which as shown by van Roosmalen
and Cordfunke [13] are not suitable for transport of oxygen ions,
and thus reduce the concentration of “free” vacancies available for
oxygen transport. The tendency to form ordered structures pro-
gressively grows with increasing defect concentration [14]. The
concentration of oxygen vacancies is higher at lower pO, and hence
formation of such clusters at lower pO, is more probable. The
difference between diffusion coefficients determined during reduc-
tion and oxidation temperature jumps decreases with increasing
pO; due to the lowering of oxygen vacancy concentration and the
corresponding decrease in the difference in “free” vacancy and
cluster concentration in the sample by reduction and oxidation pro-
cesses. The increase in Dy with oxygen partial pressure presented
in Fig. 13a could be understood also by oxygen cluster formation.
We do not discuss the nature of these clusters in this work. Reduc-
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Fig. 13. Oxygen partial pressures dependence of chemical diffusion coefficients (a)
and oxygen exchange rate constants (b) measured at different temperatures.

tion coefficients show a small maximum near 850 °C which can be
explained also by the cluster formation theory.

Despite numerous studies of oxygen exchange on the surface
of mixed conducting oxides, the fundamental understanding of
these reactions still remains very limited. Adler et al. [15] suggest
that for electron-carrier-rich mixed conductors oxygen exchange
is governed by chemisorption or dissociative adsorption on limited
surface vacancy sites. This conclusion stands in contrast to con-
ventional wisdom, which usually assumes that dissociation due to
an activation barrier is the limiting process. The authors note that
equilibrium exchange rates are inherently ambiguous probes of
mechanism, often consistent with numerous possible mechanisms.

In contrast to chemical diffusion coefficients, the oxygen sur-
face exchange coefficients of PrNiy4Feq O3 (Fig. 12b, d, f, and h)
for reduction processes are lower as compared with oxidation
ones. Taking into consideration the conclusions [15] that oxygen
exchange is determined by adsorption of oxygen on limited sur-
face vacancy sites and accepting the fact that PrFe;_4NixO3 is an
electron-carrier-rich mixed conductor, the lower oxygen exchange
coefficient for reduction processes could be explained by the lower
concentration of oxygen vacancies in the initial sample indepen-
dent of the above mentioned cluster formation.

Except for the highest pO, of 23 Pa, the « values increase with
temperature at constant oxygen concentration (Fig. 12h).
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4. Conclusions

PrNig gFeg 403_5 was found to be phase stable at pO; > 1 Pa up to
1000°C. In the temperature range 400-1000 °C and pO, from 1 to
21,000 Pa it is a p-type semiconductor showing low conductivity
versus pO, dependence. Oxygen non-stoichiometry reaches 0.06
of oxygen atomic index during heating in Ar flow at 1000°C for
20 h. The thermal expansion coefficient of the investigated mate-
rial varies from 10.5 x 10~ K~1 at 400°C to about 11.4 x 10~6 K1
at 800°C and hence makes it a favourable cathode material to be
used in combination with the conventionally used YSZ and CeO,
electrolytes.

Chemical diffusion coefficients vary between 1x 107> and
2 x 10~7 cm? s~! depending on oxygen partial pressure (0.6-23 Pa)
and temperature jumps (750-950°C). The calculated higher oxy-
gen diffusion mobility for reduction processes in comparison
with those for oxidation is explained by formation of neutral
defect clusters of the type (B-Vp-B), which reduce the concen-
tration of “free” oxygen vacancies available for oxygen transport.
The oxygen diffusion is believed to be a bulk process and was
supported and well explained by the proposed mathematical
model.

Oxygen surface exchange coefficients of PrNig4FeqgO3 for
reduction processes are lower as compared with oxidation pro-
cesses and are explained by the lower concentration of limited
surface vacancy sites on the surface of the sample independent of
formation of the (B-Vo-B)-type clusters.
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