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Abstract 
 
Electrochemical behaviour of YBaCo2O5 perovskite in alkaline solution was studied during oxygen insertion/release process. In 
correlation with electrochemical studies was analyzed the compound morphology and structure. Compound electrochemical 
oxidation consists in intercalation of oxygen atoms in crystalline structure, which is equivalent with a structure compaction. These 
results were correlated with the Brunauer-Emmett-Teller (BET) surface area of sample and also with SEM pictures. 
Compaction of Y-112 crystalline structure during electrochemical oxidation leads at some partial irreversible character of studied 
process. Presence of a chemical step during electrochemical oxidation of studied perovskite was emphasized from electrochemical 
impedance data. This step was associated with O2- ions formation. Based on the obtained results a mechanism of electrochemical 
oxidation/reduction of YBaCo2O5 perovskite in alkaline solution was proposed. 
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1. Introduction 

 
Actual challenge for solid oxide fuel cells 

(SOFC) technology is represented by the development 
of new electrode materials with high conductivity. 
Due to the major voltage losses on the cathodic side of 
the SOFC, experimental studies are carried out in 
accordance with that (Bebelis et al., 2007; Doubova et 
al., 2009; Liu, 2009; Sajana et al., 2017; Therese et al., 
2005). In practice, the catalytic activity for oxygen 
reduction reaction is heavily affected by the 
temperature reduction. Considering this it is vital to 
develop a new class of high performance cathodes 
with important catalytic activity and also with low 
overpotential (Bebelis et al., 2007; Doubova et al., 
2009; Liu, 2009; Lv et al., 2007; Wackerl et al., 2009). 
A suitable candidate is represented by a new class of 
perovskite – like compounds, MBaCo2O5+δ  (M =Y, 
Gd, Pr). This new class of compounds has an 112 
phases (Liu, 2009) and from structural point of view 
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they present a layered structure (Bobrovskii et al., 
2009; Liu, 2009). Bobrovskii et al. (2009) demonstrate 
that the compound structure is derived from 
orthorhombic structure of 112 perovskites, where on 
crystalline lattice, c axis is stacked sandwiches of 
CoO2–BaO–CoO2–MOx. In these structure the CoO2 
layers are separated by the MOx layer (Bobrovskii et 
al., 2009) which induces some remarkable properties 
(Liu, 2009). Actually, the MOx layer is acting like a 
carrier for charge donors (Bobrovskii et al., 2009; 
Tarancon et al., 2010), and is expected that the oxygen 
transport via perovskite layer is easy (Liu, 2009; 
Tarancon et al., 2010). Boborvskii et al. (2009) 
demonstrate that the system charge can be easy 
controlled only by changing oxygen concentration 
into the intermediate oxide layers. 

Oxygen content in YBaCo2O5 can be easily 
modified by temperature, surrounding oxygen partial 
pressure, and also by oxygen intake/release 
mechanism into the perovskite network which 
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translates in variation of physical and chemical 
properties of the compound. This causes variations 
among the most important oxygen transport properties 
like oxygen nonstoichiometry, oxygen ion 
permeability and diffusion, which must be regarded as 
a highly important issue when studying perovskite-
like oxides (Haoshan et al., 2007). 

However, in the majority of practical studies 
until now, the oxygen transport properties of 
YBaCo2O5 were investigated by direct oxygen 
permeation measurement through a membrane, 
electrical conductivity measurement, coulometric 
relaxation method, isotopic exchange analysis, 
revealing the perovkite structure (Haoshan et al., 
2007; Liu, 2009; Pelosato et al., 2014; Wackerl et al., 
2009; Zhang et al., 2007). 

The aim of this paper is to study and elucidate 
the electrochemical behaviour of YBaCo2O5 
perovskite in aqueous alkaline solution. Given the 
possibility of electrochemical intercalation of oxygen 
atoms in cobaltites, the alkaline medium was chosen 
(Dan et al., 2011; Grenier et al., 1999; Grenier et al., 
1992). Regarding the electrochemical studies 
presented in this paper, it is relevant to mention that in 
each unit cell there are two different Co cations, Co(II) 
and Co(III), with an atomic ratio of  1:1 as well as that 
the electrochemical behavior of Y-112 is determined 
by the mixed ionic and electronic conductivity 
(Aurelio et al., 2007; Haoshan et al., 2007; Kim and 
Manthiram, 2008; Zhang et al., 2008; Zhang et al., 
2007). Due to the presence of Co2+ which oxidizes to 
Co3+ during the electrochemical process of adsorption, 
the structure is allowing the intake of ½ O, as oxygen 
adsorption takes place by permitting the oxygen 
diffusion into the oxides network and bonding an 
oxygen atom to two cobalt atoms from neighboring 
unit cells. 

Until now the oxidation capacity of Y-112 
compound and also the reversibility of the oxidation 
process has been studied using only 
thermogravimetric measurements carried out under 
oxygen flow. Thus, oxidation capacities of the 
compound up to YBaCo2O5+δ, where δ = 1.0 were 
obtained (Aurelio et al., 2007; Haoshan et al., 2007; 
Kim and Manthiram, 2008; Zhang et al., 2008; Zhang 
et al., 2007) 

 
2. Material and methods 
 

The mixed oxide YBaCo2O5 was obtained 
using solid state reaction by mixing the precursors 
Y2O3 (Aldrich 99.99%), BaCO3 (Aldrich 99.999%) 
and CoO4/3 (Normapur 99.9%) according to the 
stoichiometric cations ratio. After decarbonisation at 
900°C the powder was pressed into pellets with 
geometrical active surface area of 1 cm2 and later fired 
in air for 48 h at 1100°C and then removed rapidly 
from furnace and set to ambient temperature (Haoshan 
et al., 2007; Kim and Manthiram, 2008; Liu, 2009; 
Zhang et al., 2007). Surface morphology of YBaCo2O5 
samples has been characterized by scanning electron 
microscopy (SEM) using a FEI INSPECT S 

PANalytical microscope coupled with energy 
dispersive X-ray detector. The structure of obtained 
YBaCo2O5 compound (Fig.1) was checked by X-Ray 
powder diffraction (Philips X-pert Pro). 

All electrochemical studies were carried out 
using an Autolab PGSTAT 302N. The 
electrochemical cell was equipped with two graphite 
counter electrodes positioned symmetrically against 
the working electrode (YBaCo2O5 pellets) and a 
Ag/AgCl reference electrode. All potentials in this 
work are given versus the reference electrode. Cyclic 
voltammograms (CV) have been recorded at several 
scan rates in 1 mol L-1 KOH electrolyte solution. 
Electrochemical impedance spectoscopy (EIS) 
measurements were carried out using an Autolab 
302N in the frequency range from 0.001 Hz to 100 
kHz and an AC voltage amplitude of 10 mV. Each 
spectrum consisted of 60 points collected with a 
logarithmic distribution of 10 points per decade. 
Electrochemical impedance data were fitted to the 
electrical equivalent circuit by a complex nonlinear 
least squares (CNLS) Levenberg-Marquardt 
procedure using ZView Scribner Associated Inc. 
software.  

The surface area was determined according to 
the Brunauer-Emmet-Teller (BET) method using an 
ASAP 2020 M (Micromeritics Instrument 
Corporation USA). Thermogravimetric (TG) studies 
were carried out using an NETZSCH TG 209F1 Libra 
microbalance, when 50 mg of mixed oxide was heated 
in  two  different  gases  (pure  nitrogen  and  also  pure 
oxygen)  up  to  1000 °C with a heating rate of 5°C 
min-1. 

 
3. Results and discussion 

 

3.1. Physical characterization 
 

The structure of mixed oxide is presented in 
Fig. 1 and it was investigated by X-ray powder 
diffraction. X-ray diffraction spectra for obtained 
YBaCo2O5 mixed oxide were recorded for the 2θ 
range between 0° and 100° and are presented in Fig. 
2. Peaks from recorded diffraction pattern were 
identified and this it can be concluded that the 
obtained compound is YBaCo2O5 mixed oxide. 
Simultaneously the elemental composition of mixed 
oxide was confirmed by energy dispersive X-Ray 
analysis (EDX) as it can be observed in Fig. 3.  

 

 
 

Fig. 1. Crystal structure of YBaCo2O5 perovskite 
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Fig. 2. XRD spectra recorded for YBaCo2O5 perovskite 
 

Fig 3. EDX spectra recorded for YBaCo2O5 perovskite 
 

The compound porosity was determined by the 
BET technique and the results are presented in Table 
1. The results indicate a large specific surface area, 
with pores and channels that can favour adsorption 
and desorption of oxygen during electrochemical 
polarization. 

 
Table 1. BET surface area, pore diameter, and pore volume 

of the YBaCo2O5 sample 
 

BET Surface Area [m2 g-1] 0.22 
BJH Desorption average pore 

diameter (4V/A) [nm] 10.25 

BJH Desorption cumulative 
volume of pores between 1.7000 
nm and 300.0000 nm diameter 

[cm3 g-1] 

0.000696 

 
Compared with a dense bulk sample, is 

expected that this porous structure shows fast oxygen 
adsorption and desorption rates. 

Results obtained from TG-measurement are 
presented in Fig. 4.a as function of mass change versus 
temperature. From the TG plot recorded under 
nitrogen flux, the weight change observed is not 
significant, and also is reversible. This signifies that 
the studied compound is stable between 20°C and 
1000°C. As was expected, the behaviour of studied 
perovskyte is different when TG studies were 
performed in pure oxygen flow (results depicted in 
Fig. 4.b). An increase of mass with 1% can be 
observed around 400°C. These can be associated with 
oxygen diffusion inside of mixed oxide. Also, it 
observed that the weight variation is reversible. 

An important factor influencing the oxidation 
process kinetics is the surface morphology which has 
been analyzed using scanning electron microscopy. 
SEM images obtained for YBaCo2O5 pellet electrode 
involved in this work are presented in Fig. 5. 
Analyzing the SEM image a porous structure due to 
acicular crystallites agglomeration can be observed. 
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Large pores amount leads to a higher specific surface 
with channels that favours oxygen adsorption / 
desorption process. 

 
3.2. Electrochemical characterisation 
 

Preliminary attempts have shown that it is 
possible to separate the peaks associated with the 
electrochemical processes occurring at the interface 
YBaCo2O5 – KOH 1 mol L-1 only if the potential scan 
rate is around 1 mV s-1. The cyclic voltammograms 
recorded for YBaCo2O5 electrode are depicted in Fig. 
6. Analyzing the voltammograms shown in Fig 6, it 
can be observed the appearance on the forward scan of 
an anodic peak (2) assigned to Co (II) oxidation (CoII 
→ CoIII + e−). At higher potentials the current increase 
(3) was associated with oxygen evolution reaction.  

On the backward scan, a limiting anodic 
current with low intensity was observed (small peak 
4), which was correlated with reduction of remanent 
oxygen on the electrode surface and also from the  

 

space between YBaCo2O5 crystallites.  
When the potential becomes more negative, a 

cathodic peak (5) associated with Co (III) reduction 
process (CoIII + e- → CoII) was recorded. The current 
increase (6) observed at more negative potential is 
associated with the hydrogen evolution reaction on 
perovskite electrode surface. Continuing the scan in 
the anodic direction from hydrogen evolution reaction 
zone until the open circuit potential (OCP), a new 
anodic peak (1) associated with oxidation of adsorbed 
hydrogen was observed at approximately -0.75 V 
versus Ag/AgCl. 

Increasing the potential scan rate from 1mV s-1 
to 10 mV s-1, some changes in the anodic part of the 
cyclic voltammograms were observed. Analyzing the 
CV presented in Fig. 7, it can be noticed that the 
anodic peak (2) presented in Fig.6 was replaced with 
a net plateau which was associated with oxidation of 
Co (II) ions. The plateau current density is almost 
double compared with the height of peak (2) from Fig. 
6. 

 

(a) (b) 
 

Fig. 4. Thermogravimetric curves recorded in: (a) pure nitrogen, (b) pure oxygen 
 

 
 

 

(a) (b) 
 

Fig. 5. SEM images of YBaCo2O5 electrode’s surface before electrochemical oxidation/reduction at 3000x (a)  
and 12000x (b) magnification 
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Fig. 6. Cyclic voltammograms on YBaCo2O5 working electrode in 1 
mol L-1 KOH solution at 1 mV s-1 scan rate (cycle 1 – black color, 

cycle 2 – red color, cycle 3 – green color) 

Fig. 7. Cyclic voltammograms on YBaCo2O5 working 
electrode in 1 mol L-1 KOH solution at 10 mV s-1 scan rate 

 
When the CVs were recorded at much higher 

scan rate, for example at 50 mV s-1 (Fig. 8), the anodic 
part of the CV changes drastically, in this case the 
oxidation peak (2) and also the limiting current (peak 
4) were not observed. This can be explained if we 
consider that the oxidation of YBaCo2O5 electrode 
occurs only at the electrode/electrolyte interface. 

 

 
Fig. 8. Cyclic voltammograms on YBaCo2O5 working 

electrode in 1 mol L-1 KOH solution at 50 mV s-1 scan rate 
 

Based on that we can conclude that the 
electrochemical oxidation of Co(II) ions to Co(III) 
ions actually consists in the insertion of oxygen ions 
into the YBaCo2O5 crystalline network. In 
consequence, during the electrochemical oxidation 
process, the crystalline network becomes more 
compact, and dense and in this way further oxygen 
diffusion into the network is limited. Later, the 
electrochemical behavior of the YBaCo2O5 electrode 
was studied using chronoamperometric techniques. In 
this case the working potential was set at -0.25 V (into 
the compound oxidation region), 0.00 V, 0.25 V (on 
the limiting current plateau) and also 0.50 V (at the 
potential corresponding to oxygen evolution reaction)  

versus Ag/AgCl reference electrode; these values 
were chosen in accordance with data obtained from 
YBaCo2O5 recorded CVs. The chronoamperometry 
data are depicted in Fig. 9. From data depicted in Fig. 
9 was determinate the current variation as time 
function, representing a measure of compound 
oxidation in time. The values are presented in Table 2. 

 

 
 

Fig. 9. Chronoamperometric data recorded 
on YBaCo2O5 electrode 

 
Based on the data depicted in Fig.9 and also 

from Table 2 it can be stated that when the electrode 
potential was kept at -0.25 V and also at 0.00 V versus 
Ag/AgCl, on the working electrode surface can be 
observed only the perovskite oxidation. When the 
oxidation time is increasing, the current density 
becomes 0, due to the bulk or superficial oxidation of 
the YBaCo2O5 electrode, when the electrode surface 
was coated with a layer of YBaCo2O5+δ oxide (δ = max 
0.5). Simultaneously with chronoamperometric data 
were recorded also the exact values of current used 
into the oxidation process. 
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Table 2. Final value of current measured from 

chronoamperometric data 
 

E [V] vs 
Ag/AgCl ifinal [A m-2] 

 t = 15 
min 

t = 30 
min 

t = 60 
min 

t = 120 
min 

- 0.25 41.92 33.27 35.56 18.53 
0.00 67.67 53.94 42.49 32.81 
0.25 250.34 247.00 239.97 234.56 
0.50 688.76 682.34 674.38 665.84 

 
Because, at -0.25 V and also at 0.00 V, the 

electrode oxidation consists only in Co(II) ions 
oxidation, it possible to calculate from electrolysis law 
the maximum oxygen content into the perovskite 
structure (Fig. 10). 
 

 
 

Fig. 10. Time variation of oxygen content 
 

From the data presented in Fig. 10 can be 
observed that the increase of oxidation time is leading 
at some increase into the maximum oxygen content. 
For example, after 120 minutes (at 0.00V) the amount 
of oxygen is at 0.02 atoms / elemental cell, relatively 
to the maximum oxygen content of 0.011 atoms / 
elemental cell obtained after 45 minutes. 

Based on the data presented above, an 
electrochemical mechanism for global oxidation 
process of YBaCo2O5 mixed oxide has been proposed. 
In accordance with this mechanism an oxygen activity 
gradient between superficial layer and bulk of mixed 
oxide occurs at anodic polarization of electrode. This 
leads to oxygen diffusion into the YBaCo2O5 crystal 
simultaneously with oxidation of Co(II) ions on the 
superficial layer. Oxidation of Co(II) ions onto the 
electrode surface and oxygen diffusion from electrode 
surface is equivalent with apparition of a superficial 
charge, compensated by the diffusion of hydroxyl ions 
from bulk of solution to the electrode surface. 
Presence of adjacent hydroxyl ions onto the electrode 
surface leads to formation of oxygen ions by water 
elimination.  

This new oxygen ion will diffuse into the 
electrode bulk. EIS data demonstrate that the rate of 
oxygen diffusion into the perovskite structure is much 
lower than the rate of charge transfer reaction and the 

diffusion of hydroxyl ions to the interface (Dan et al., 
2011).  

At lower current densities, electrochemical 
mechanism for perovskite global oxidation takes place 
in two different stages. In first one, superficial Co (II) 
ions are oxidized at Co (III) ions in accordance with 
following reaction (Eq. 1): 

 
𝐶𝐶𝐶𝐶(𝑠𝑠)

2+ → 𝐶𝐶𝐶𝐶(𝑠𝑠)
3+ + 𝑒𝑒−  (1) 

 
As an effect, an excess of positive superficial 

charges appears at interface. Interfacial charge is 
compensated by near hydroxyl ions which interact 
with interfacial Co3+ ions (Eq. 2): 

 
𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎)

− + 𝐶𝐶𝐶𝐶(𝑠𝑠) 
3+ → 𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎𝑠𝑠) 

− …𝐶𝐶𝐶𝐶(𝑠𝑠)
3+  (2) 

 
At lower current densities, adsorbed hydroxyl 

concentration at interface is really small, so that the 
collision between two different adsorbed hydroxyl 
ions is not probable, even if the adsorbed HO- ions are 
migrating over anode surface. More feasible are the 
collisions between adsorbed HO- ions and the 
HO- ions which are diffusing from bulk of solution to 
the electrode surface (Eq. 3): 
 
𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎)

− +𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎𝑠𝑠)
− …𝐶𝐶𝐶𝐶(𝑠𝑠)

3+ → 𝐻𝐻(𝑎𝑎𝑎𝑎𝑠𝑠)
2− …𝐶𝐶𝐶𝐶(𝑠𝑠) 

3+ + 𝐻𝐻2 𝐻𝐻
 (3) 
 

When the current density is increasing, 
concentration of adsorbed HO- ions is rising 
proportionally with current density, so the O2- ion 
formation can also occur by collision between two 
different adsorbed HO- ions (Eq. 4): 

 
𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎𝑠𝑠)

− …𝐶𝐶𝐶𝐶(𝑠𝑠)
3+ + 𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎𝑠𝑠)

− …𝐶𝐶𝐶𝐶(𝑠𝑠)
3+ →

𝐶𝐶𝐶𝐶(𝑠𝑠)
3+ …𝐻𝐻(𝑎𝑎𝑎𝑎𝑠𝑠)  

2− …𝐶𝐶𝐶𝐶(𝑠𝑠)
3+ + 𝐻𝐻2 𝐻𝐻  (4) 

 
In accordance with proposed mechanism, 

oxidation of Co ions onto the electrode surface at 
anodic polarization near OCP is controlled by charge 
transfer reaction. At more positive potential, Co 
oxidation and oxygen ions bulk diffusion is controlled 
by the electrolyte diffusion. 

Fig. 11 shows the EIS spectra for YBaCo2O5 
electrode recorded during oxidation / reduction 
process. The main features of the complex plane 
impedance plots are the presence of a slightly curved 
line in the high frequency region, followed by 
diagonal line with a slope of 45° and a large semicircle 
in the low frequency region, which dominates the 
entire EIS spectra. The Bode plots obtained during 
oxidation at 0.125 V and reduction at -0.25 V have a 
slope of 0.5 and a phase angle value of 45° in the 
frequency range from 10 to 0.1 Hz which points to a 
diffusion controlled process. The impedance data have 
been modeled using a two-time constant equivalent 
electric circuit (EEC) given in Fig. 12. The EEC 
consists of a serial connection of the ohmic resistance 
(ROhm), a Gerischer element (Ge) and a parallel 
connection of a Warburg element (W) and a resistance 
(R) in series with a capacitor (C). 
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Fig. 11. Experimental Nyquist (a) and Bode (b) plots for 
YBaCo2O5 mixed oxide during oxidation / reduction. 

Open symbols are experimental points and continuous lines 
are simulated curves by the CNLS fitting according to the 

equivalent circuit 
 

The ohmic resistance includes the 
uncompensated electrolyte resistance and a 
contribution from the resistance of YBaCo2O5 
electrode. The inserting of a Gerischer element has 
been associated with systems involving a diffusion 
process coupled to a chemical reaction (Levi et al., 
2004). In its most simple form, the impedance of a 
Gerischer element is given by (Eq. 5): 

 

ZGE = Z0 / (k + jω)1/2  (5) 
 

where Zo is the magnitude of the impedance at ω = 1 
rad s-1 and k is a rate constant of the chemical reaction. 

The impedance of the Warburg element in case 
of a finite length thickness of the diffusion layer δ is  
 

given by (Eq. 6): 
 

Zw = (Rw(j ωτD)-φ) coth (j ωτD)φ (6) 
 

where Rw is the diffusion resistance, τD is the diffusion 
time constant given by τD = δ2/D, with δ = diffusion 
layer thickness and D = diffusion coefficient and φ is 
an exponent between 0 and 1. This version of the 
Warburg element terminates in a finite resistance. At 
low frequencies, the real part of the Warburg 
impedance approaches RW, and the imaginary part 
goes to zero. The EEC parameters obtained by fitting 
the experimental impedance data are listed in Table 3 
together with their relative errors. 

The Gerischer type impedance has been 
reported for a number of mixed conductors that can be 
used as anode or cathode materials in solid oxide fuel 
cells (González-Cuenca et al., 2001; Green et al., 
2008; Kim et al., 2007; Nielsen et al., 2011) and it is 
generally ascribed to bulk diffusion and surface 
reaction kinetics. The closed values of the rate 
constant k and diffusion time constant τD obtained for 
the oxidation reaction indicate that both chemical and 
diffusion step control the overall process. During 
reduction, the diffusion of oxygen ions inside the solid 
host electrode is the rate determining step. Also, based 
on the diffusion time constant values it can be 
estimated that oxygen insertion during oxidation takes 
place faster than oxygen release during reduction. 

 

 
Fig. 12. Equivalent electric circuit for modeling oxygen 

insertion / release into the YBaCo2O5 electrode 
 

4. Conclusions 
 
The results obtained by cyclic voltammetry in 

alkaline aqueous solution showed that the YBaCo2O5 
mixed oxide is sensitive to anodic or cathodic 
polarization. Based on the experimental data we can 
conclude that the electrochemical oxidation of Co(II) 
ions consists in oxygen insertion in the mixed oxide 
structure. As a result, during oxidation the Y-112 
crystalline network becomes denser, so that oxygen 
diffusion rate is lowered.  

 
Table 3. Fitted values of EEC during oxidation / reduction of YBaCo2O5 

 
Parameter E = 0.125 V E = -0.25 V E = -0.75 V 
ROhm [Ω] 9.1 (1.6 %) 8.9 (2.0 %) 8.1 (1.6 %) 

Z0 [Ω cm2 s1/2] 5.67 × 10-3 (0.9 %) 2.92 × 10-3 (1.3 %) 9.02 × 10-3 (1.8 %) 
k [s] 0.36 (10.2 %) 0.32 (18.9 %) 7.40 (6.2 %) 

RW [Ω cm2] 530 (3.5 %) 872 (4.0 %) 394 (2.1 %) 
τD [s] 0.36 (35.3 %) 26.38 (29.9 %) 44.19 (9.5 %) 
φ 0.45 (3.9 %) 0.36 (3.2 %) 0.28 (1.0 %) 

R [Ω cm2] 10.42 (3.7 %) 12.88 (5.2 %) 24.56 (2.4 %) 
C [F cm-2] 1.20 × 10-2 (5.6 %) 2.83 × 10-3 (7.6 %) 4.69 × 10-3 (3.8% %) 

χ2 3.3 × 10-4 5.0 × 10-4 4.2 × 10-4 
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The compaction of Y-112 during oxidation 
imposes a partial irreversible character of this process, 
and as a consequence the oxidation leads to 
disappearance of the oxidation plateau and also to the 
attenuation of the reduction peak.  

Impedance measurements during YBaCo2O5 
oxidation indicate the presence of a chemical step 
tentatively assigned to the formation of O2- ions from 
the reaction between two hydroxyl groups and a 
diffusion process of oxygen ions from the surface to 
the bulk of the mixed conductor. 
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