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Abstract 16 

 17 

NdBa1-xCo2-yFeyO5+δ (NBCFd) layered perovskites are investigated as cathodes in 18 

Intermediate Temperature Solid Oxide Fuel Cells. The effects of Fe doping (up to 20%) and 19 

Ba deficiency (up to 10%) are explored. The compounds are prepared via molten citrate route 20 

and characterized by XRPD, SEM, TGA and cerimetric titration. The electrochemical 21 

properties are tested via 4-probe conductivity measurement and impedance experiments on 22 

symmetric cells at varying temperature (550-700°C) and O2 pressure (5-100% v/v). The 23 

compositional tailoring leads to activity variation and distinct oxygen reduction behavior. An 24 

ordered layered structure with tetragonal lattice (P4/mmm) is found, whose cell volume 25 

increases with Fe doping and decreases with Ba deficiency. High total conductivity (150-450 26 

S/cm at 700°C) is measured despite the hindering effect of Fe. In stoichiometric compounds, 27 

Fe doping reduces the polarization resistance, while an increase is observed in Ba-deficient 28 

samples. The impedance results are rationalized by distribution of relaxation times analysis 29 

and equivalent circuit modeling, which reveal that the steps of surface electronation and ion 30 

transfer across the electrode/electrolyte interface are determining. Acting on electronation, Fe 31 

doping influences the electrode’s activity. The target performance for application is achieved 32 

at 10% Ba deficiency and 5% Fe doping (0.14 Ω∙cm
2
 at 700°C). 33 

 34 

 35 

Introduction 36 

 37 

Layered perovskites are a class of solid oxides composed by the alternation of the ABO3 and 38 

A’BO3 single perovskite structures along the c-axis. The general formula is AA’B2O5+δ and the 39 

regular alternation of A-O, B-O and A’-O, B-O layers is governed by the difference in ionic 40 

radii between the A and A’ elements. This structural order is typically obtained with a rare 41 

earth element and an alkaline earth in the A and A’ site respectively, while the B site is 42 

occupied by a transition metal, frequently cobalt. Layered perovskites based on cobalt have 43 

received increasing consideration due to the high concentration of oxygen vacancies that can 44 



be stabilized in the lattice (even δ below 0.5), exhibiting at the same time high electronic 45 

conductivity and catalytic activity towards the Oxygen Reduction Reaction (ORR) 
1
. This class 46 

of compounds is suitable for application as cathodic materials in IT-SOFCs, but further 47 

investigation is necessary to improve their stability without hampering the electrochemical 48 

activity 
2
. Very recent works were focused on the characterization of layered perovskites with 49 

neodymium in A site in order to improve the performances through doping or substitutions of 50 

A’ cations with Sr 
3, 4

, Ca 
5
 or both 

6, 7
, and B cations with Cu 

5
, Mn 

8
or Zr 

9
.  51 

Recently, the improvement of the electrochemical activity through the introduction of Ba 52 

deficiency was demonstrated for several layered perovskite structures 
10-15

. In our previous 53 

work 
15

, we showed that a small Ba understoichiometry in NdBaCo2O5+δ is beneficial for the 54 

performance of the cathode. To reduce thermal stresses and increase long-term stability, the 55 

substitution of Co with Fe is reported to be a valid option. Cherepanov et al. 
16

 observed a great 56 

reduction of Thermal Expansion Coefficient (TEC) by substituting Co with Fe in the Nd-based 57 

layered perovskite. However, the introduction of large amounts of Fe drastically reduced the 58 

cathodic efficiency 
17-22

, while keeping the doping to a small extent improved the performance 59 

of the Pr-based layered cobaltite 
23

. Lately, molecular dynamics simulations performed on 60 

similar compositions suggested that iron doping promotes oxygen ions diffusivity, up to a 61 

cobalt substitution of 25% 
24

.  62 

 In this work, the effect of Fe doping on NdBaCo2O5+δ was investigated in compounds with 63 

and without Ba understoichiometry. The NBCF series (NdBaCo2-yFeyO5+δ with y = 0, 0.1, 0.2, 64 

0.3, 0.4) and the NBCFd series (NdBa0.9Co2-yFeyO5+δ with y = 0, 0.1, 0.4) were characterized. 65 

The aim of this work is to evaluate if the introduction of both Ba understoichiometry and Fe 66 

doping provides advantages in terms of performance. 67 

 68 

 69 

Experimental 70 

 71 

 Synthesis procedure 72 

 73 

All the compounds were synthesized via the molten citrate technique that allows to achieve a 74 

fine powder microstructure, typical of wet synthesis procedures, at lower temperature than 75 

conventional synthesis. Proper amounts of Nd(NO3)3·6H2O, Ba(NO3)2, Co(NO3)2·6H2O and 76 

Fe(NO3)3·9H2O (Sigma-Aldrich) were dissolved in distilled water and citric acid 77 

monohydrate (C6H8O7·H2O) was added in excess to ensure the complete cations chelation. 78 

The molar ratio of citric acid and metal cations was fixed at 7. The obtained solution was 79 

heated up to 140°C under vigorous stirring until complete decomposition of the nitrates and 80 

formation of a dark purple viscous slurry. Subsequently, the slurry was treated in oven at 81 

360°C for 5 hours, then ground and calcined at 1100°C for 10 hours, with heating and cooling 82 

ramps of 5°C/min.  83 

 84 

 Structural characterization  85 

 86 

The powders were then ground again and analyzed with X-Ray Powder Diffraction (XRPD) 87 

technique with a Bruker D8 Advance Diffractometer with Cu-Kα radiation and graphite 88 



monochromator. The diffraction patterns were collected in the range 20-80° 2θ with a 0.02 89 

step and 12 seconds of counting time and Rietveld refinements of the structures were 90 

performed using the GSAS software 
25

. Thermogravimetric Analyses (TGA) were carried out 91 

on all samples with a simultaneous TG-DTG Seiko 6300 instrument. The compounds were 92 

heated from room temperature to 850°C at 3°C/min and the weight variations were correlated 93 

to their oxygen content. The oxygen content of the compounds at room temperature was 94 

estimated by cerimetric redox titrations. The complete reduction of Co
n+

 and Fe
n+

 to Co
2+

 and 95 

Fe
2+

 was obtained using a known excess of FeCl2, that was back-titrated with Ce(SO4)2, using 96 

ferroin as indicator. The molar amount of reacted Ce(SO4)2 directly corresponds to the molar 97 

amount of FeCl2 required to completely reduce Co and Fe cations in the NBCFd compounds. 98 

The average oxidation state of the B site could then be calculated according to stoichiometric 99 

relations. For each sample, the procedure was repeated three times and the results averaged. 100 

More detailed information can be found in our previous work 
15

.  101 

 102 

 Electrochemical characterization  103 

 104 

 The conductivity and polarization resistance measurements were carried out with a 105 

potentiostat/galvanostat (AMEL 7050) equipped with a Frequency Response Analyzer (520 106 

FRA Materials Mates). The electrical conductivity was measured between 25 and 750°C with 107 

a four-electrode probe method on sintered bars (25 mm long, 5 mm wide, 3 mm thick, 108 

sintered in air at 1100°C for 4 h). The calcination temperature of the bars was purposely kept 109 

at 1100°C, in order for the samples to be representative of the cell electrodes and to avoid Co 110 

volatilization, even if a complete densification of the bars was not attained at that 111 

temperature. The measured values of conductivity were then normalized by the solid fraction 112 

of the bar, which is the complementary of the porosity value 
26

. The porosity of the bars was 113 

calculated as the ratio between the relative and theoretical density of the bars. The relative 114 

density was measured with the buoyancy balance in ethanol, while the theoretical one was 115 

calculated from the lattice parameters obtained in the Rietveld analysis.  116 

 Furthermore, EIS tests were performed on a GDC (Ce0.9Gd0.1O2-δ) electrolyte-supported 117 

cell with symmetrical porous layers on both sides. The pellets were prepared via die pressing 118 

at 1 ton for 7 minutes using a 16 mm die, followed by sintering at 1500°C for 6 hours in air. 119 

The diameter of the sintered pellets was 11 mm, with a thickness of 1 mm. The relative 120 

density was higher than 97%. The cathode layer was deposited on each side with an ink made 121 

of 60% w/w of powders and 40% of a slurry composed by terpineol, isopropyl alcohol and 122 

ethyl cellulose in weight ratio 76:20:4. The cathode layers were dried at 120°C for 6 hours 123 

and then calcined at 1100°C for 10 hours to achieve good adhesion. The porosity of the 124 

electrodes was measured with mercury porosimetry and resulted equal to 40% for all the 125 

samples. The measured weight of the electrodes allowed to calculate the thickness, based on 126 

the theoretical density. The values are reported in Table S1 of the Supporting Information file. 127 

At the top of each cathode, silver meshes were applied as current collectors, painted with Ag 128 

ink to guarantee long-lasting contact between mesh and electrode during the EIS 129 

measurements. For each sample, the EIS tests were carried out between 750°C and 550°C, at 130 

OCV with 10 mV voltage amplitude in the 0.1 Hz – 10 kHz frequency range. At each 131 

temperature, the measurements were performed under 50 Ncc/min flow varying the oxygen 132 



partial pressure in nitrogen at 5%, 10%, 21% (air flow) and 100% (pure O2). Systematic 133 

control of the effect of mass diffusion limitation was performed varying the diluent from N2 134 

to He, with same oxygen content. In addition, the morphological features of the calcined 135 

powders and of the electrodes of the symmetric cells were assessed via Scanning Electron 136 

Microscopy (SEM) using a Cambridge Stereoscan 360.  137 

 138 

 Data modelling  139 

 140 

 The deconvolution of EIS spectra was performed using the Distribution of Relaxation 141 

Time (DRT) analysis tool proposed by Saccoccio et al. 
27

, which implements the Tikhonov 142 

regularization method into an online tool with graphic user interface. Finally, the Equivalent 143 

Circuit Model (ECM) was used to fit the EIS spectra results and estimate the different 144 

polarization contributions present in the spectra. The aim was to distinguish between 145 

physical, chemical and electrochemical processes occurring during the ORR at the cathode, in 146 

order to identify the rate determining step of the global reaction and investigate the 147 

relationship with crystalline structure and electrical properties.  148 

 149 

 150 

Results  151 

 152 

 Structural Characterization 153 

 154 

 The names and formula of the compounds are summarized in Table 1, together with 155 

crystal structure information. Figure 1 reports the XRPD spectra of all the samples after the 156 

final calcination step at 1100°C. All the compounds could be indexed in an A-site ordered 157 

structure with regular alternation of Nd(Co,Fe)O3-Ba(Co,Fe)O3 simple perovskite units. The 158 

analysis of the XRPD patterns allowed to identify low amounts of NdCoO3 (PDF 159 

#00-025-1064) impurity phase in the understoichiometric samples NBCd, NBCFd1 and 160 

NBCFd4. Other small impurity peaks could be detected in samples NBCF1 (BaCoO2.93 - PDF 161 

#00-026-0144 - and Nd2O3 - PDF #00-006-0408) and traces of BaFeO3-x (PDF #00-023-1024) 162 

in NBCF2 and NBCF4 
28

. The impurity amounts were quantified with Rietveld refinement 163 

routines and the highest values were found for NdCoO3 in the NBCFd1 and NBCFd4 samples. 164 

The mass fraction of NdCoO3 resulted equal to 1.6% and 4.7% respectively. The other 165 

impurities were too small to lead to consistent calculations in the Rietveld routine, and then 166 

considered negligible. 167 

 168 

 169 

 Structural Effects of Compositional Modifications 170 

 171 

 The introduction of iron in the structure triggers a modification of the pristine 172 

orthorhombic lattice cell of NBC (space group Pmmm, n° 47) 
15

 to a tetragonal one (space 173 

group P4/mmm, n° 123) for NBCF and NBCFd compounds. For what attains to the cell size, 174 

the cell volume increases with Fe doping, both in the stoichiometric compounds and in the Ba 175 

deficient ones. This is mainly due to the variation of the c lattice parameter, which increases 176 



from 7.615 Å for NBCF1 to 7.645 Å NBCF4, and from 7.614 Å for NBCFd1 to 7.650 Å 177 

NBCFd4. These values are in agreement with literature data reported by Cherepanov et al. for 178 

NdBaCo2-xFexO5+δ with x = 0, 0.2, 0.4 
16

 and by Kim et al. for samples with x = 0 and 0.5 
18

. 179 

The introduction of Ba deficiency instead, affects the lattice size in the opposite way, slightly 180 

decreasing cell volumes (compare the lattice parameters of sample NBC with the ones of 181 

NBCd, those of NBCF1 with the one of NBCFd1, and NBCF4 with NBCFd4). The variation 182 

of the cell volume is related to the ionic size of Co
n+

 in different oxidation states, 183 

0.53/0.61/0.745 Å for Co
2+

/Co
3+

/Co
4+

 respectively, in a six-fold coordination 
29

. 184 

 185 

 186 

 Oxygen content 187 

 188 

 As Nd and Ba cations have a fixed oxidation state (Nd
3+

 and Ba
2+

), the oxygen content in 189 

the compounds examined is only due to the average oxidation state of B site cations, i.e., Co 190 

and Fe 
30

. In general, at room temperature, the average oxidation state of Co and Fe in a 191 

compound reflects the cell size behavior because of the amount of oxygen they are bound to, 192 

expressed in the formula as 5+δ. Moreover, Co/Fe oxidation state (and therefore the amount 193 

of oxygen) also depends on the thermal history of the sample, that is, on the time it takes for 194 

the lattice oxygen to equilibrate with the external atmosphere during the phase formation and 195 

the following cooling ramp (i.e., on the heating and cooling rates). The cerimetric titrations 196 

allow measuring the average oxidation state of B cations, and therefore the total oxygen 197 

content of compounds. The trend observed in the total oxygen content at room temperature is 198 

well related with the measured lattice volumes: the oxygen content increases with increasing 199 

Fe content and decreases with increasing Ba deficiency. The same happens for the lattice 200 

volumes. The increase of oxygen content observed when increasing Fe doping can be 201 

explained by the higher strength of the Fe-O bond compared to the Co-O bond 
16

. Thus, 202 

oxygen vacancies preferentially form at the oxygen sites bound to cobalt. When part of cobalt 203 

is substituted by iron, the maximum extent of oxidation is reduced. It is interesting to note 204 

that, on the one hand, the introduction of Fe enhances the number of oxygen vacancies in Ba 205 

deficient compounds while, on the other hand, it reduces the effect on the lattice volume. This 206 

is witnessed by the small change of the c parameter for Fe doping equal to 0.1, which 207 

becomes very important for Fe = 0.4, reaching the highest value for NBCFd4. Together with 208 

the lowest cell volume, NBCFd1 sample showed also the lowest oxygen content at room 209 

temperature, equal about to 5.51(5). 210 

 The variation of the oxygen content as a function of temperature is analyzed by means of 211 

TGA measurements (Fig. 2a-b), where the weight changes due to the exchange of oxygen 212 

between crystal lattice and air. All the samples show a similar trend, with a weight gain up to 213 

about 300°C and a weight loss from that temperature on. This observation is in agreement 214 

with the available literature results for this class of compounds 
17, 18, 20, 22, 31

. From a structural 215 

viewpoint, oxygen loss preferentially occurs for oxygen atoms in position O2 (0, 0, 0.5) in 216 

the crystal model used for Rietveld refinement 
32

. However, it is reasonable to assume that Ba 217 

deficiency introduces oxygen vacancies in the proximity of the Ba cages. These vacancies 218 

influence the ability to release additional oxygen, as noted from the different slopes of the 219 

TGA curves (e.g., a steeper slope is found in the case of the NBCd compound compared to 220 



NBC). The origin of the peculiar behavior of the 5+d oxygen content in deficient compounds 221 

is probably motivated by the preferential position of the vacancies, as a consequence of Ba 222 

understoichiometry. Generally, in layered perovskite based on Co, the oxygen vacancies are 223 

located in Co-O apical position, and the substitution of Co by Fe typically allows to stabilize 224 

higher amounts of oxygen in the Nd-Co-O planes. A possible explanation is that the presence 225 

of Ba deficiency together with the small amount of Fe doping (1 Fe cation every 19 Co) does 226 

not allow the stronger Fe-O bonds to show their effect, while, at the same time, the structure 227 

requires to release oxygen for stabilizing the presence of a slightly bigger cation. 228 

 229 

 Electrical Conductivity 230 

 231 

 The results of the electrical conductivity measurements as a function of temperature are 232 

reported in Fig. 2c-d. Close similarity is found between the conductivity curves and the TGA 233 

curves. Both the slopes and the maxima in TGA plots (Fig. 2a-b) well agree with the ones in 234 

the conductivity curves; below roughly 300°C a semiconductor type mechanism is active, 235 

while above, a metallic-like behavior is observed for all the samples. The similarity of the 236 

two measurements is caused by the mechanism of oxygen exchange between the atmosphere 237 

and the lattice, which also affects the electron holes (that carry the electronic charge). The 238 

equilibria are expressed in Kröger-Vink notation 
33

 as follows: 239 

2𝐶𝑜𝐶𝑜
• + 𝑂𝑂

𝑥 ↔
1

2
𝑂2 + 2𝐶𝑜𝐶𝑜

𝑥 + 𝑉𝑂
•• 

2𝐹𝑒𝐶𝑜
• + 𝑂𝑂

𝑥 ↔
1

2
𝑂2 + 2𝐹𝑒𝐶𝑜

𝑥 + 𝑉𝑂
•• 

In the equation, the reduction of Co ions (positive charge carriers, 𝐶𝑜𝐶𝑜
• ) at the expenses of 240 

lattice oxygen ions (𝑂𝑂
𝑥) generates molecular oxygen, oxygen vacancies (𝑉𝑂

••) and Co ions 241 

with no surplus charge. In agreement with literature reports 
17, 18, 22, 23, 34

, when cobalt is 242 

partially substituted with iron, lower conductivities are measured. However, the drop is not 243 

strictly linear with the iron content: the conductivity steadily decreases passing from the 244 

NBCF2 to the NBCF4 sample, whose conductivity is however comparable to the NBCF1 245 

sample. The local minimum in the conductivity trend observed for y = 0.1 is similarly found 246 

in literature for analogous compositions of layered perovskites 
23, 35

. In the case of Ba 247 

deficient compounds, NBCFd1 shows higher conductivity than NBCFd4, coherently with the 248 

increased amount of Fe and in contrast to the oxygen content. This behavior is probably 249 

related to the preferential formation of Fe
4+

over Co
4+

, for electronic charge compensation. 250 

Thus, since Fe
4+

-O bonds are less covalent than Co
4+

-O ones, electron localization increases 251 

and the conductivity decreases 
36

.  252 

 Nevertheless, the conductivity of NBCF4 in the IT-SOFC operating range (from 240 253 

S/cm at 500°C to 149 S/cm at 750°C) is well above the target of 100 S/cm for cathode 254 

materials, which has been proposed as the limit to ensure negligible electrical resistance 255 

contributions by the electrode 
37

. 256 

 257 

 258 

 EIS Results 259 

 260 



 The EIS measurements were carried out on symmetrical NBCFd/GDC/NBCFd button 261 

cells. The choice of GDC as electrolyte material was made after a reaction test reported in the 262 

previous work on NBC compounds 
15

. In order to verify the compatibility of the electrolyte 263 

material, the absence of reaction between electrolyte and cathode material was verified again 264 

for NBCFd series. A mixture of equal quantities of NBCFd4 and GDC was heated up to 265 

1100°C for 10 hours and analyzed by XRPD. The spectra did not show any additional peak 266 

(Fig. S1 in the Supplementary Material document) and confirmed the stability of the phases 267 

even at high temperature. Fig. 3 reports a SEM image of the symmetrical cell used for the 268 

EIS tests of NBCFd1. The porous layer was deposited on the top of the dense electrolyte. 269 

SEM pictures showed good adhesion of the cathode layer with a thickness of about 15-20 µm 270 

for every cell (panel a). The morphology of the powders after calcination at 1100°C revealed 271 

good homogeneity of the grains, with the size of 1-2 µm (panel b) and agglomerates with 272 

different shapes due to the sintering process. The SEM images collected for the NBCFd1 273 

sample are representative of all the other compounds. In Fig. 4, the Area Specific Resistance 274 

(ASR) values of the NBCFd series are presented in the Arrhenius plot. The ASR values are 275 

calculated as the ratio of the polarization resistance (Rpol) over the cathode area and divided 276 

by 2, due to the symmetric configuration of the cell (Rpol/A/2). The effect of Fe doping is 277 

highlighted in panels a and b: Fe doping reduces the polarization resistance Rpol for 278 

stoichiometric compounds (panel a), while it increases Rpol for compounds with Ba 279 

deficiency (panel b). The best performance of this series is obtained with NBCFd1, which 280 

shows slightly higher ASR values compared to NBCd (0.10 Ω∙cm
2
 at 700°C) 

15
, which is also 281 

reported in the plot. The ASR value of NBCFd1 at 700°C is equal to 0.14 Ω∙cm
2
, which 282 

makes this compound promising as cathode for IT-SOFCs. This result is very interesting 283 

considering that, compared to the more efficient NBCd compound, the substitution of Co 284 

with Fe should improve long-term stability. 285 

 The effect of Fe doping for the NBCFd series is shown in Fig. 4c on the ASR at 600°C 286 

and Fig. 4d on the apparent activation energy (EACT) derived from the ASR results in air. The 287 

increase of Fe content reduces the ASR values for stoichiometric compounds (x = 0) and the 288 

lowest value is found for NBCF4. This result is in line with the work of Zhang et al. 
22

, who 289 

also report an improvement of the performance for x = 0.3 and 0.4 in the series 290 

PrBa0.5Sr0.5Co2-xFexO5+δ. These authors find the smallest ASR value at 0.4 and observe a 291 

sharp increase for x = 0.5. In the PrBaCo2-xFexO5+δ series, Zou et al. 
23

 obtain the best 292 

performance for the compound with x = 0.4, with ASR values almost half compared to the x 293 

= 0.2 sample. Upon increasing the Fe content, these authors report a constant increase, 294 

starting from x = 0.6 up to x = 2. The increase of ASR at high Fe contents is well known, 295 

although for x = 0.5 Kim et al. 
18

 report a reduction compared to the iron-free compound in 296 

the NdBaCo2-xFexO5+δ series. With respect to smaller levels of Fe doping, as those explored 297 

in the present work, Tsvetkova et al. 
38

 observe a worse activity for GdBaCo1.8Fe0.2O5+δ 298 

compared to the corresponding iron-free sample. 299 

 The ASR results also show that the introduction of Fe in the Ba deficient compounds 300 

increases the ASR values. However, it is important to note that NBCFd has a resistance one 301 

order of magnitude lower than NBC. For the y = 0.1 compound, the ASR reduction due to Ba 302 

deficiency is less pronounced but still significant. Instead, for the y = 0.4 compound, the Ba 303 

deficiency increases the ASR (Fig. 4c). The apparent activation energy (EACT) of the NBCFd 304 



compounds ranges from 1.17 eV of the NBCFd1 and NBCF4 samples to 1.40 eV for NBCF1. 305 

A comparison EACT is reported as a function of the Fe doping in panel d of Fig. 4 for 306 

stoichiometric (blue lines) and deficient samples (red lines). Since the differences in EACT 307 

values are modest, almost identical evolution of the ASR as a function of the Fe content is 308 

found for every temperature. These values are similar to those found in literature for layered 309 

perovskites. Regarding NdBaCo2-xFexO5+δ, Kim et al. 
18

 obtained slightly higher values 310 

(1.45-1.80 eV), but it is probably related mainly to the different cell configuration and 311 

electrolyte material used for the measurements (LSGM electrolyte-supported cells with 312 

symmetrical interlayers of 1:1 LSGM + cathode mixture and cathode layers on top). Fe 313 

doping produces opposite results on ASR and EACT for stoichiometric and deficient series of 314 

compounds. This effect suggests that different contributions are involved in the overall ORR 315 

process. The shape of the spectra in the Nyquist plots confirms the occurrence of distinct 316 

simultaneous processes, especially visible at high temperature. In Fig. 5, the EIS results 317 

obtained for the NBCFd1 sample are reported for each temperature and oxygen partial 318 

pressure. The arcs appear as depressed semicircles with similar shapes at different operating 319 

conditions. Upon decreasing the O2 partial pressure, the shape is retained at all the 320 

temperature levels, except of the additional arc at low frequencies, which appears at 700°C 321 

and 5% O2 and which is related to gas diffusion. At 600°C and 550°C, a linear branch 322 

emerges at high frequencies. This is a typical indication of ionic diffusion limitation and it is 323 

often measured in MIEC materials 
39

. The mixed conductivity allows extending the active 324 

surface of the electrode from the triple phase boundary to the entire cathodic surface. 325 

However, lowering the temperature, the ability of diffuse oxygen ions inside the bulk is 326 

hampered and starts to be a relevant contribution to the resistance of the global process. In 327 

Fig. 5, the results of fitting with ECM technique are also reported. The fitting outputs match 328 

very well the experimental data and allow obtaining information about the main steps of the 329 

process (Section 4.2). These measurements and the ECM fitting were performed for each 330 

sample of the NBCFd series, but the results are reported only for NBCFd1 due to its superior 331 

performance. These results are representative also of the other materials (Fig. S2-S5 in the 332 

Supplementary Material). 333 

 334 

 335 

 Quantification of the EIS spectra 336 

 337 

 The EIS tests were performed also using He as diluent instead of N2 to evaluate the gas 338 

diffusion contribution. As shown in Fig. 5a, at low oxygen partial pressure (5%) a reduction 339 

in the polarization resistance is evident but still limited (from 0.27 to 0.22 Ω·cm
2
 at 700°C), 340 

while in the case of the experiments in air the difference is negligible (not reported). This 341 

demonstrates that the EIS measurements collected are representative of resistance 342 

contributions intrinsically related to the kinetics of the electrochemical reactions. 343 

 DRT and ECM techniques were applied to analyze the EIS results. The application of 344 

DRT provides consistent indications on the number of the phenomena contributing to the 345 

measured EIS arcs. This result is the starting point for the ECM analysis, since it suggests the 346 

number of resistive elements to be selected in the equivalent circuit. After establishing the 347 

circuit, the parameters obtained by fitting the curves are examined as a function of 348 



temperature and oxygen partial pressure, in order to calculate the activation energy (EACT) 349 

and the reaction order (α) of each process. From these values, it is possible to obtain a 350 

quantification of the main characteristic parameters describing the single reaction steps. In 351 

the following paragraphs, the results of these two analyses are reported in detail. 352 

 353 

 354 

 Distribution of Relaxation Times (DRT) 355 

 356 

 The DRT technique was exploited to deconvolute the EIS spectra into the frequency 357 

domain without any a priori assumption. A Tikhonov regularization method was 358 

implemented into the online tool with graphic user interface 
27

. A discretization function was 359 

employed to approximate the function 𝑍(𝜔𝑖) by minimizing the error function between the 360 

measured data and the discretization function employed (i.e., piecewise linear). A 361 

regularization function was introduced and employed to minimize the presence of strong 362 

oscillations in the distribution of relaxation time function and it is dependent on the 363 

regularization parameter, λ. The determination of the appropriate value of the regularization 364 

parameter was characterized by a trade-off between having a smoother distribution function 365 

and better fit of the measured data with the chosen discretization function. Typically, 366 

increasing λ allows having fewer oscillations in the distribution of relaxation time function, 367 

but a smoother function may come at the price of more bias between the model and the 368 

experimental data. After several simulations, a value equal to 10
-3

 was selected as 369 

regularization parameter, λ. More details can be found in literature 
40-42

. The application of 370 

this technique gives a semi-quantitative indication about the single processes convoluted 371 

together in the EIS spectra. The DRT analysis was performed on all the EIS data and 372 

evidenced the same common main trends. Fig. 6 reports the results obtained on the NBCFd1 373 

sample for every temperature upon varying the oxygen content. This technique allowed 374 

identifying the number of phenomenological contributions simultaneously present in the EIS 375 

spectra, in order to select an adequate circuit for the ECM analyses. Each main contribution is 376 

represented in the DRT graphs by a peak at a specific frequency. The area subtended by each 377 

peak represents an estimate of the resistance value, but the investigation of resistances 378 

deconvolution was performed through the more reliable ECM technique. At all the 379 

temperatures, three peaks can be distinguished: one in low frequency range (1-10 Hz), a 380 

second one at middle frequencies (10
2
-10

3
 Hz) and a last one at high frequencies ( > 10

3
 Hz). 381 

At 700°C (panel a) and 650°C (panel b), the high frequency peak is only partially visible, but 382 

it grows to completion upon decreasing the temperature: at 600°C and 550°C it appears as a 383 

neat peak, centered around 5 kHz. This high frequency peak keeps constant with the oxygen 384 

partial pressure, suggesting that the associated phenomenon is related to the transport of 385 

oxide ions, either across the interface or by lattice diffusion. At this frequency range, usually 386 

the interface involved is the electrolyte-cathode contact area 
14, 43-45

. With respect to the arcs 387 

at low and middle frequency, the increase of oxygen partial pressure reduces the peaks area 388 

and shifts the characteristic frequencies to higher values, in line with a promotion of the 389 

associated rate. At low frequencies, the contribution to the resistance is related to gas 390 

diffusion. The disappearance of the peak for pure oxygen and the constant height lowering 391 

the temperature both support this identification. The middle frequency peak grows at 392 



reducing both the oxygen pressure and the temperature. In addition, the middle frequency 393 

peak shifts towards lower frequencies at lower temperature, meaning that the characteristic 394 

time increases, and the process slows down. These indications suggest that a kinetic reaction 395 

step is involved, possibly occurring at the gas/cathode interface, due to its close relationship 396 

with the O2 pressure. The same considerations hold at all the temperatures. The intensity of 397 

the middle frequency peak, and therefore the polarization resistance, proportionally increases 398 

more than the intensity of the high frequency peak, suggesting that the activation energy is 399 

higher. Differently, the low frequency peak does not appear to change significantly, in 400 

accordance with the small activation energy of gas diffusive phenomena. As a matter of fact, 401 

the results of the DRT analysis suggest that the main contributions of the resistance are three 402 

at 700°C and 650°C, while the low frequency one becomes almost negligible (and almost 403 

masked by the middle frequency peak) below 600°C. This consideration provides preliminary 404 

indications about the simplest circuit to fit the spectra with the ECM. The fitting procedure 405 

was performed considering three elements to simulate the EIS arcs. The ECM results, 406 

discussed in the following paragraph, confirm the goodness of this initial choice. 407 

 408 

 409 

 ECM Results 410 

 411 

 Consistently with the indications of the DRT, the impedance spectra were analyzed based 412 

on a circuit of the type LROhm(RHFQHF)(RMFQMF)(RLFQLF). A sketch of the circuit is reported 413 

as an insert in panel a of Fig. 5. The element L is the inductance caused by the electrical 414 

equipment and wires, ROhm is the ohmic resistance mainly due to the electrolyte, while the 415 

three RQ elements are associated with the main processes that take place in the electrode. For 416 

layered perovskite cathodes, it is common to fit the EIS results with three RQ elements 
14, 44, 

417 
46, 47

. The high frequency arc (HF) is associated to ionic transfer processes, such as the 418 

inclusion of oxygen ions within the bulk of the electrolyte across the cathode/electrolyte 419 

interface. The middle frequency arc (MF) is related to electrode processes, such as the 420 

dissociative adsorption of oxygen, the formation of adsorbed oxygen ions, or the surface 421 

diffusion of oxygen adatoms; the low frequency arc (LF) is due to mass diffusive transport 422 

processes, either internal (intra-porous) or external (across the interphase boundary layer). 423 

 The parameters obtained by fitting to the spectra of the NBCd1 sample are summarized 424 

in Tables 2 and 3. These tables contain the values of the circuit elements and the values of the 425 

calculated equivalent capacitances and relaxation frequencies. For each process, the 426 

relaxation frequencies increase with the temperature and show values close to those found 427 

with the DRT analysis. The n coefficient of the Constant Phase Elements (CPE) are constant 428 

as a function of temperature and oxygen content. This is consistent with the fact that n is a 429 

morphological parameter, independent of the operating conditions. The value of this 430 

parameter for an ideal structure is 1, while usually a lower value is found due to 431 

imperfections of the electrode layer. The variation of the n parameter between the HF and the 432 

MF contributions is due to the different interfaces where those processes take place, which 433 

have distinct morphologies. In the case of the LF element, the exponent is related to the 434 

simplified treatment of the diffusion arc, which should in principle be taken as a 435 

Warburg-type. For each process, the resistance values obtained from the deconvolution are 436 



evaluated as a function of the temperature, in order to obtain the activation energy, and as a 437 

function of the oxygen partial pressure in order to evaluate the reaction order. These 438 

parameters are summarized in Fig. 7, where panels a-c report the resistances versus the 439 

oxygen partial pressure in logarithmic scale, while panel d reports Arrhenius plot of the 440 

resistance contributions measured in air. This latter plot allows estimating the activation 441 

energy of each step. With respect to the low frequency contribution, the association to a gas 442 

diffusion process is confirmed: indeed, it is almost independent from temperature variations 443 

(EACT ≈ 0) and its reaction order is close to 1 (1.04-1.15). In addition, the equivalent 444 

capacitance values are too high (> 1 F/cm
2
) to be representative of an electrochemical step. 445 

Comparable results are found in the literature for similar compounds 
12, 14, 45, 47

. Regarding the 446 

middle frequency process, the reaction order with PO2 (α) is close to 0.25. This value suggests 447 

that a charge transfer process from the cathode surface to the electrode lattice is governing the 448 

contribution. The capacitance (≈ 10
-2

 F/cm
2
) is also in line with this assumption 

10, 45, 48, 49
. A 449 

step of surface electronation of an adsorbed oxygen atom (O*) with ion inclusion of an oxide 450 

ion in the lattice and formation of a surface free site (*) is typically associated with this 451 

reaction order and can be represented by the following stoichiometry:  452 

𝑂∗ + 2𝑒− + 𝑉𝑂
•• ↔ 𝑂𝑂

𝑥 + ∗ 

The MF contribution is the most relevant process in terms of polarization resistance for every 453 

measurement and its activation energy is equal to 1.24 eV. The high frequency element shows 454 

a zero order dependency on oxygen partial pressure, confirming the DRT results, which 455 

reveal that the corresponding peak does not change upon dilution with oxygen. This is a clear 456 

indication that the associated process is an ionic oxygen transfer, taking place at the interface 457 

between cathode and electrolyte, according to the following stoichiometry: 458 

𝑂𝑂,𝐶𝑎𝑡
𝑥 + 𝑉𝑂,𝐸𝑙𝑒

•• ↔ 𝑂𝑂,𝐸𝑙𝑒
𝑥 + 𝑉𝑂,𝐶𝑎𝑡

••  

This HF process shows an EACT in air equal to 1.18 eV with capacitance values between 10
-3

 459 

and 10
-4

 F/cm
2
 in line with literature for similar double perovskites 

14, 43-45
. 460 

 Analogous DRT and ECM analyses were carried out on all the NBCF samples prepared 461 

and tested (the ECM results of other compounds are reported in Tables S2 – S9 in the 462 

Supplementary Material). The same equivalent circuit was maintained, the same reaction 463 

orders were found and identical associations were confirmed between the three arcs and the 464 

RQ elements. As a matter of fact, the numerical analyses allow to extract main activity 465 

indicators (polarization resistance, capacitance and activation energy of the HF and MF arcs) 466 

that serve as the basis of a quantitative comparison among the samples and provide better 467 

insight in the consequences of the compositional tailoring. 468 

 469 

 470 

Discussion 471 

 472 

 The performance of the different materials is compared based on the polarization 473 

resistance, RPOL, the activation energy, EACT; the capacitance of the middle frequency arc, 474 

CMF, and of the high frequency arc, CHF. With respect to the HF and MF resistances, Fig. 8 475 

summarizes the results of the ECM simulation for each compound at 600°C in air (panels a 476 

and b). The evolution of these curves is representative of the measurements at all the other 477 

temperatures, since the difference in EACT between MF and HF is small (Fig. 8c). Panel a 478 



reports the resistances of the high frequency process, which is identified as an ionic transfer 479 

at the cathode-electrolyte interface, while panel b reports the resistances of the middle 480 

frequency process, associated with electronation and ion inclusion. In the case of the 481 

stoichiometric compounds, Fe doping reduces both these resistances, while for deficient 482 

materials, Fe introduction does not improve the polarization resistance. Only a slight 483 

reduction of HF resistance is observed for NBCFd1 (Fe = 0.1) compared to NBCd (Fe = 0), 484 

but for Fe = 0.4 both MF and HF processes are more resistive than the other deficient 485 

compounds and NBCF4. The trends of resistance contributions are quite similar for HF and 486 

MF, and the main difference is evident for Fe content equal to 0.1. Regarding ion transfer at 487 

the cathode-electrolyte interface, NBCF1 shows remarkable improvement (7.4-fold reduction: 488 

from 2.77 Ω·cm
2
 of NBC to 0.38 Ω·cm

2
) compared to the smaller impact on surface 489 

electronation (2.5-fold reduction: from 12.12 to 4.80 Ω·cm
2
). The reduction of the HF and 490 

MF resistances from NBC to NBCF4 shows instead comparable values ( ≈ 15-18 times). 491 

 The experimental results associated to Fe doping on the stoichiometric compounds 492 

support the outcomes of the theoretical simulations made by Anjum et al. 
24

, which show an 493 

increase of the oxygen diffusion in the crystal structure of LnBa1-ySryCo2-xFexO5+δ (Ln = Pr, 494 

Gd, Nd) electrodes due to the introduction of 0.5 Fe doping. These authors also find that the 495 

improvement in diffusivity is restricted to the a-b plane, while it has a negligible effect in the 496 

c plane. The anisotropic diffusion for this class of ordered perovskite is well known and it is 497 

attributed to the regular alternation of the structure in double or layered perovskites compared 498 

to the simple perovskites 
50-53

. A structural explanation of the increase of ionic diffusivity 499 

with the substitution of small amounts of Co with Fe is related to the increase of the unit cell 500 

volume, which results in a reduction in the strength of the Co-O bond 
21

. However, for large 501 

degrees of Fe substitution, the activity dramatically drops due to the disappearance of oxygen 502 

vacancies in the structure and the shift to a disordered cubic perovskite structure 
16, 18

. 503 

The oxygen ion diffusivity is a fundamental parameter in the ORR mechanism, but it is not 504 

trivial to derive its contribution in a single element with ECM technique. This is mainly due 505 

to the influence of this physical characteristic on different electrochemical steps of the ORR. 506 

In our ECM analyses, the resistance associated to oxygen lattice diffusion is included in the 507 

MF contribution. First, the characteristic frequencies of ionic transport in the lattice are in the 508 

MF range. A qualitative value of the frequency can be calculated as follows:  509 

𝑓 ≈  
𝐷0

𝑑𝑐ℎ𝑎𝑟
2  

Where D0 is the bulk diffusion coefficient and dchar is the characteristic length of the motion. 510 

Diffusion coefficients values are reported in literature in the range of 10
-7

-10
-6

 cm
2
/s at 700°C 511 

for PrBaCo2-xFexO5+δ compounds 
53-56

. Considering the microstructure observed in Fig. 3, the 512 

characteristic length can be assumed equal to 1 µm for the ionic diffusion in the bulk of a 513 

particle. Thus, the resistance contribution related to ion diffusion results in a characteristic 514 

frequency range of 10-100 Hz, in line with ECM estimates (Table 2). Furthermore, the MF 515 

contribution was found to be the most relevant step at all temperatures and O2 conditions. 516 

Both the resistances and activation energies are higher than the HF process (Fig. 8), which 517 

indicates that the process at the cathodic surface governs the system kinetics, with a relatively 518 

fast oxygen diffusion above 650°C. However, decreasing the temperature, the arcs start 519 

showing a Gerischer-like shape at high frequencies. This is an indication that at low 520 



temperature, the Adler-Steele-Lane (ASL) model could be more appropriate because it 521 

explicitly takes into account these ionic diffusivity limitations 
57

. However, in order to be able 522 

to compare the parameters under all the conditions and extract the reaction orders, the EIS 523 

results were fitted only with one circuit, achieving satisfactory results. 524 

 The effect of Ba deficiency is found to be the opposite of Fe doping: it reduces the 525 

oxygen content and improves the activity of most of the perovskite compositions. The main 526 

effect of a deficiency on the crystal structures is both to introduce oxygen vacancies (as also 527 

evident by the results of oxygen titration of Fig. 2a and 2b) and increase the electron carriers 528 

(h•) in the lattice (Fig. 2c and 2d). The ratio between these two structural features is 529 

determined during the material synthesis by the charge compensation process, in order to 530 

maintain charge neutrality. The introduction of these defects usually improves the cathodic 531 

activity, but it requires an on optimization to achieve the best trade-off in terms of ORR 532 

activities 
39

. This enhancement is attributed to an increase in both the oxygen surface 533 

exchange and the bulk diffusion rates and it is supported by our experimental results for Fe 534 

content of 0 and 0.1. An exception is represented by NBCF4, which presents a better activity 535 

than NBCFd4. A possible explanation of the opposite effect of Fe doping on stoichiometric 536 

and deficient materials is related to the position of the oxygen vacancies. Chen et al. 
58

 537 

assumed that Ba deficiency introduces vacancies in the Ba-O layers due to the breaking of 538 

Ba-O bonds. This may enhance the oxygen ion diffusivity along the c axis and may shorten 539 

the oxygen diffusion length through the cathode lattice. Since ionic diffusion mainly occurs 540 

across a-b planes, its enhancement along the c axis can significantly improve the O
2-

 541 

diffusion in a porous layer composed of randomly oriented grains. Typically, in LnBaCo2O5+δ 542 

materials, the oxygen vacancies are concentrated in the Ln-O layers, near cobalt ions with 543 

apical position in the Co-O octahedra. Increasing the vacancies leads some octahedra to lose 544 

an oxygen ion, reducing the oxidation state of cobalt and creating a preferential path for 545 

oxygen mobility. However, usually there exists an optimum in vacancies concentration. An 546 

excessive amount of vacancies is detrimental for ionic conduction due to the interaction 547 

between neighboring vacancies, which increases the activation energy of the charge mobility. 548 

The introduction of iron in the structure results in few octahedra with Fe cations instead of Co. 549 

The loss of the oxygen in Fe-O octahedra requires higher activation energy than in Co-O ones 550 
36

, becoming less favorable. This means that, upon increasing Fe doping, Co-O octahedra 551 

with full oxygen occupancy statistically increase and the distribution of oxygen vacancies 552 

becomes less homogenous. Therefore, the path will be more tangled due to random locations 553 

of full Fe-O octahedra distributed in the crystal structure. However, it is important to 554 

emphasize that many other parameters are involved in the oxygen reduction reaction, aside of 555 

oxygen diffusivity. The most relevant ORR step was found to be the electronation of the 556 

cathodic surface, meaning that the surface characteristics are decisive for the cathodic activity, 557 

especially due to compositional differences with the bulk of the material. The influence of the 558 

synthesis technique on the chemical surface exchange coefficient was demonstrated for the 559 

composition PrBaCo2O5+δ 
44, 59, 60

.  560 

 The variations of EACT in air (Fig. 8c) and capacitance at 600°C (Fig. 8d) are reported for 561 

all the samples of the NBCFd series. Concerning the effect of Fe doping on EACT, a clear 562 

difference is visible only for stoichiometric samples. NBCF2 and NBCF4 show a reduction of 563 

EACT compared to NBC and NBCF1, which is more evident for HF process. The effect of Ba 564 



deficiency on the EACT of the HF process mirrors the evolution of the ASR, namely, a 565 

reduction for y = 0 and 0.1, and an increase for y = 0.4. On the contrary, the variation due to 566 

deficiency of the EACT for the MF step is almost negligible. This result is an indication of the 567 

different mechanisms of activity enhancements occurring due to Fe doping or Ba deficiency. 568 

Regarding HF and MF processes, the variations of the capacitances as a function of Fe 569 

doping are reversed compared to EACT. Instead, the effects of Ba deficiency on the 570 

capacitance are analogous to those observed for EACT. In particular, both Fe doping and Ba 571 

deficiency influence the values but do not further modify the capacitances, when introduced 572 

simultaneously. The significant variations of these values indicate that the morphological 573 

features change due to the compositional tailoring of the compounds. This result evidences 574 

the key-role played by the surface in the global mechanism of cathode reaction. 575 

 576 

 577 

Conclusions  578 

 579 

 The effects of Fe doping (up to 20%) and Ba deficiency (up to 10%) on crystal structure, 580 

oxygen reduction behavior and electrochemical properties of NdBa1-xCo2-yFeyO5+δ (NBCFd) 581 

layered perovskites are investigated. The compounds crystallize in an ordered layered 582 

structure with tetragonal lattice (P4/mmm), whose cell volume increases with Fe doping, both 583 

in stoichiometric samples and in Ba deficient ones. The introduction of Ba deficiency affects 584 

the cell size in the opposite way, slightly decreasing lattice parameters. The entire series 585 

shows high total conductivity (between 150 and 450 S/cm at 700°C), despite increasing Fe 586 

doping reduces the global conductivity. In stoichiometric compounds, the polarization 587 

resistances benefit from the introduction of Fe, while they increase for compounds with Ba 588 

deficiency. The best performance is obtained at 10% Fe doping and 5% Ba deficiency (0.14 589 

Ω∙cm
2
 at 700°C), which allows to meet the requirement for application as IT-SOFC cathode. 590 

Detailed ECM analysis on the results of EIS tests at varying temperature (550 to 700°C) and 591 

O2 content (100% to 5% v/v) reveals that the main step in terms of polarization resistance is 592 

the surface electronation of adsorbed oxygen. The secondary step of the process is associated 593 

to the transfer of oxide ions across the interface between cathode and electrolyte. Based on 594 

DRT and ECM analyses, the effects of Fe doping and Ba deficiency on the ORR mechanism 595 

are evaluated: Fe doping promotes electronation and ion transfer in Ba stoichiometric 596 

compounds but hampers the electronation when Ba is deficient. This indicates that distinct 597 

and contrasting mechanisms of activity enhancement occur due to the compositional 598 

tailoring. 599 

 600 

  601 
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Tables 693 

 694 

Table 1. List of NBCFd sample names with oxygen contents, measured by titrations, and crystallographic 695 

information, such as space group and cell parameters obtained by Rietveld refinement. 696 

1
 Refined in an orthorhombic doubled unit cell ap x 2ap x 2ap; the reported volume is the reduced cell 697 

volume calculated for an ap x ap x 2ap cell for comparison with other samples. ap is the lattice parameter of 698 

the cubic perovskite. 699 

 700 

  701 

Sample Formula 
Space 

Group 
a [Å] b [Å] c [Å] V [Å

3
] 5+δ Ref. 

NBC
1 NdBaCo2O5+δ Pmmm 3.89921(9) 7.8107(2) 7.6125(1) 115.921 5.64 15 

NBCF1 NdBaCo1.9Fe0.1O5+δ P4/mmm 3.90017(7) - 7.6148(2) 115.831(5) 5.63 
This 

Work 

NBCF2 NdBaCo1.8Fe0.2O5+δ P4/mmm 3.90335(6) - 7.6268(2) 116.204(5) 5.64 
This 

Work 

NBCF3 NdBaCo1.7Fe0.3O5+δ P4/mmm 3.90307(7) - 7.6290(2) 116.220(5) 5.67 
This 

Work 

NBCF4 NdBaCo1.6Fe0.4O5+δ P4/mmm 3.90520(6) - 7.6454(2) 116.596(4) 5.71 
This 

Work 

NBCd NdBa0.9Co2O5+δ P4/mmm 3.89858(4) - 7.6113(1) 115.683(3) 5.60 15 

NBCFd1 NdBa0.9Co1.9Fe0.1O5+δ P4/mmm 3.89690(8) - 7.6144(3) 115.631(5) 5.52 
This 

Work 

NBCFd4 NdBa0.9Co1.6Fe0.4O5+δ P4/mmm 3.90220(1) - 7.6503(3) 116.494(7) 5.56 
This 

Work 



Table 2. ECM fitting parameters for the NBCFd1 sample in air at different temperature. 702 

Element 700°C 650°C 600°C 550°C Unit 

L 6.4E-07 4.2E-07 4.2E-07 1.4E-06 [H] 

ROhm 1.689 2.560 4.150 7.215 [Ω∙cm
2
] 

RHF 0.036 0.077 0.160 0.480 [Ω∙cm
2
] 

QPEHF-Q 1.55E-02 1.20E-02 1.10E-02 8.00E-03 [F/cm
2
] 

QPEHF-n 0.780 0.760 0.740 0.740 [-] 

CHF 2.76E-03 1.32E-03 1.18E-03 1.13E-03 [F/cm
2
] 

fHF 1.61E+03 1.57E+03 8.40E+02 2.93E+02 [Hz] 

RMF 0.086 0.214 0.490 1.315 [Ω∙cm
2
] 

QPEMF-Q 4.70E-02 5.20E-02 4.97E-02 4.20E-02 [F/cm
2
] 

QPEMF-n 0.85 0.820 0.816 0.810 [-] 

CMF 1.78E-02 1.94E-02 2.15E-02 2.13E-02 [F/cm
2
] 

fMF 1.04E+02 3.83E+01 1.51E+01 5.68E+00 [Hz] 

RLF 0.017 0.020 0.021 0.022 [Ω∙cm
2
] 

QPELF-Q 2.57E+00 5.75E+00 8.75E+00 1.95E+01 [F/cm
2
] 

QPELF-n 0.983 0.983 0.983 0.983 [-] 

CLF 2.44E+00 5.54E+00 8.50E+00 1.92E+01 [F/cm
2
] 

fLF 3.77E+00 1.44E+00 8.85E-01 3.86E-01 [Hz] 

 703 

 704 

  705 



Table 3. ECM fitting parameters for the NBCFd1 sample at 700°C at different oxygen partial pressure. 706 

Element 100% 21% 10% 5% Unit 

L 5.74E-07 6.43E-07 5.85E-07 5.66E-07 [H] 

ROhm 1.69 1.69 1.70 1.70 [Ω∙cm
2
] 

RHF 0.034 0.036 0.039 0.040 [Ω∙cm
2
] 

QPEHF-Q 2.60E-02 1.56E-02 3.03E-02 2.99E-02 [F/cm
2
] 

QPEHF-n 0.750 0.780 0.760 0.760 [-] 

CHF 2.50E-03 2.76E-03 3.59E-03 3.57E-03 [F/cm
2
] 

fHF 1.88E+03 1.61E+03 1.14E+03 1.12E+03 [Hz] 

RMF 0.055 0.086 0.103 0.124 [Ω∙cm
2
] 

QPEMF-Q 6.56E-02 4.70E-02 6.44E-02 6.28E-02 [F/cm
2
] 

QPEMF-n 0.80 0.85 0.82 0.86 [-] 

CMF 1.61E-02 1.78E-02 2.14E-02 2.85E-02 [F/cm
2
] 

fMF 1.80E+02 1.04E+02 7.19E+01 4.50E+01 [Hz] 

RLF \ 0.017 0.034 0.077 [Ω∙cm
2
] 

QPELF-Q \ 2.57E+00 3.11E+00 3.53E+00 [F/cm
2
] 

QPELF-n \ 0.98 0.98 0.90 [-] 

CLF \ 2.44E+00 2.99E+00 3.06E+00 [F/cm
2
] 

fLF \ 3.77E+00 1.57E+00 6.77E-01 [Hz] 

 707 
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Figure Captions 709 

 710 

Figure 1. XRPD patterns for all the compounds of the NBCFd series. NBC and NBCd measurements are 711 

taken from reference 
15

. Peaks of impurity phases are marked with ♦ for NdCoO3 (PDF #00-025-1064), ♣ 712 

for BaCoO2.93 (PDF #00-026-0144) and ♠ for Nd2O3 (PDF #00-006-0408). 713 

 714 

 715 

Figure 2. TGA and total conductivity measurements for the NBCFd samples. Oxygen content as a function 716 

of temperature under airflow for stoichiometric (Panel a) and deficient compounds (Panel b). Heating ramp 717 

rate of 3°C/min. Conductivity as a function of temperature for stoichiometric (Panel c) and deficient 718 

compounds (Panel d). The measurements for the NBC and NBCd samples are taken from reference 
15

. 719 

 720 

 721 

Figure 3. SEM image of the cathodic porous layer of NBCFd1 deposited on a GDC dense pellet. Panel a 722 

reports the cross section of the electrode above the electrolyte and Panel b shows the top surface of the 723 

electrode.  724 

 725 

 726 

Figure 4. Arrhenius plots of the ASR for the stoichiometric (Panel a) and deficient compounds (Panel b) of 727 

the NBCFd series. Panel c reports the ASR values at 600°C in air as a function of Fe content for 728 

stoichiometric (red circles) and deficient compounds (blue squares). Panel d reports the activation energies 729 

calculated for the ASR in air. The results of iron free compounds (NBC and NBCd) are taken from 730 

reference 
15

. 731 

 732 

Figure 5. Nyquist plots for the sample NBCFd1/GDC/NBCFd1 with symmetric configuration. The 733 

measurements are collected at OCV, under different oxygen partial pressure in N2, in the 10 kHz-0.1 Hz 734 

frequency range, from 700°C to 550°C. Panel a reports also the test performed in 5% O2 in He. Circles are 735 

experimental data and numbers near filled circles represent the logarithm of the frequency decade. Lines 736 

represent the results of fitting with ECM technique and the used model is reported in Panel a.  737 

 738 

 739 

Figure 6. Distribution of Relaxation Time (DRT) results for NBCFd1 sample for every temperature 740 

varying the oxygen content. 741 

 742 

 743 

Figure 7. Resistance contributions of the NBCFd1 sample as a function of the oxygen partial pressure for 744 

high frequency (RHF, Panel a), middle frequency (RMF, Panel b), low frequency (RLF, Panel c). Arrhenius 745 

plot of the resistance of the high frequency (HF), middle frequency (MF) and low frequency (LF) 746 

processes under air flow (Panel d). 747 

 748 

 749 

Figure 8. Polarization resistance as a function of Fe content for high frequency (Panel a) and middle 750 

frequency contributions (Panel b) for stoichiometric (blue squares) and deficient compounds (red circles). 751 

Variation of EACT (Panel c) and capacitance at 600°C (Panel d) of the HF (full circles) and MF (half 752 



squares) contributions for stoichiometric (blue) and deficient compounds (red). The results of iron free 753 

compounds (NBC and NBCd) are taken from reference 
15

. 754 

 755 

 756 
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