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Highlights 

 

 The layered (Y,Zr)MnO3 manganites are studied as SOFC cathode. 

 A Gerischer-type element stems from to an oxygen ion diffusion and a surface 

limiting process. 

 A LF R//CPE element is attributed to dissociation of the chemisorbed O2 on YMnO3. 

 The same LF process is related to O2 gas diffusion/physisorption for Y0.9Zr0.1MnO3. 

 The ORR mechanism is influenced by Zr-doping in both electrical and surface 

properties. 
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Abstract 

                  



The effect of Zr-doping on the novel SOFC cathode YMnO3 and its O2-Reduction Reaction 

(ORR) was studied using electrochemical impedance spectroscopy (EIS) as a function of 

temperature (500 < T <800 ºC) and the oxygen partial pressure (10-4 < pO2 < 1 atm). EIS 

technique allows identifying three processes controlling the ORR for each electrode, 

differentiated by their characteristic frequency, activation energies and pO2 dependence. 

High frequency contribution, only observed at 600 °C for both electrodes, was attributed to 

oxygen ion transfer trough the electrode/electrolyte interface. In both electrodes, the 

Intermediate frequency contribution was described by a Gerischer impedance, related to a 

co-limiting process between oxygen ion diffusion and a surface process. However, 

whereas the EIS characteristics for YMnO3 can be explained by a surface process 

controlled by the electron transfer from oxide to O-adsorbed, it seems related for 

Y0.9Zr0.1MnO3 to the probability of finding a second free-surface site near to a diatomic 

intermediated for the O2 dissociation. These differences are in agreement with the 

improvement of the electrical properties when YMnO3 is doped with Zr. The low frequency 

contribution became important as pO2 decreased and temperature increased, and its 

characteristics would indicate a secondary surface process, co-limited with O2 gas 

diffusion for Y0.9Zr0.1MnO3 porous electrode. 

Keywords: Solid Oxide Fuel Cells, Cathode, Zr-doped Yttrium manganite, 

Electrochemical Impedance Spectroscopy. 

 

1. Introduction 

 With high efficiency and (fossil or synthetic) fuel flexibility, Solid Oxide Fuel Cells 

(SOFC) are considered as one of the most promising technologies for energy conversion 

[1]. The state-of-the-art materials that are used as electrolyte, anode and cathode in SOFC 

                  



are Yttria-Stabilized Zirconia (YSZ), Nickel/YSZ composite, referred to as Ni/YSZ cermet, 

and Sr-doped lanthanum manganite (LSM), respectively; nevertheless, those materials, 

developed more than thirty years ago, have been designed for an operation temperature 

that ranges generally between 800 and 1000 °C [1–4]. A lower operating temperature, in 

the so-called intermediate temperature range (500-700 °C), would bring many advantages 

such as a decrease of the cost of the system (including the cell and interconnects´ 

materials) and a dramatic reduction of thermally activated degradation issues that stem 

basically from cationic interdiffusion between electrode, electrolyte and interconnects 

during cell preparation and/or in operando. But a reduction of the temperature is not 

possible without the development of new electrode and electrolyte compositions, for which 

it seems that the cathode limitations are the most critical due to low kinetics of the oxygen 

reduction reaction (ORR) in absence of an efficient electrocatalyst [4–6]. 

During the last two decades, many investigations have been focused on the search for 

new cathode compositions and structures with higher electrochemical activity, but also 

chemical stability and durability. It is now clear that the state-of-the-art LSM could not be 

efficient at low temperature, because this material is basically a pure electronic conductor. 

Even if better performance can be achieved by forming a composite with YSZ electrolyte 

(similar to the case of Ni/YSZ cermet), it is also clear that the best ORR electrocatalyst 

should intrinsically exhibit Mixed Ionic and Electronic Conductivity (MIEC) [1–8]. Since the 

success of LSM, most of the studies concerning new SOFC cathode materials remained 

based on AMOx oxides with A=La/AE (AE=Alkaline Earth) and M a third-row transition 

metal (in particular Mn, Fe, Co, Ni and Cu) and a perovskite (or derived) structure. 

However, these cathodes degrade with time,  either by AE segregation on the cathode 

surface [9,10], or due to interfacial chemical reactions between the electrode and the 

electrolyte. The first one is induced by the size mismatch between dopant and host 

                  



cations, e.g. Ba surface segregation is more significant than Sr and Ca surface enrichment 

for (La,M)MnO3 with M = Ba, Sr or Ca electrodes [11,12], whereas the second one is due 

to cations interdiffusion taking place during the cell elaboration or in operando, with the 

formation of electrically insulating phases such as La2Zr2O7 and AEZrO3 [7,8,13–18]. Even 

the use of a ceria-based buffer layer is sometimes not sufficient to avoid such 

thermodynamically favourable reaction, which is only kinetically limited by lowering the 

temperature of operation or of electrode sintering, as we could recently evidence in the 

case of (La,Sr)2MnO4 Ruddlesden-Popper phases [19]. Other Rare Earth (RE) elements 

like Pr or Nd, have been proposed to replace La in the composition of AE-free electrode 

compounds, e.g. in the Ruddlesden Popper nickelates RE2NiO4+ (RE= Pr,Nd), expecting 

less reactivity with YSZ electrolytes due to the decreasing stability of the pyrochlore phase 

RE2Zr2O7 along the lanthanide series [20–23]. The chemical reactivity was effectively 

decreased but did not totally disappear, making long term stability or high temperature 

thermal treatments at T>1000 °C, generally requested for the cell preparation, a subject of 

particular concern for the use of such kind of materials [24,25]. 

Considering the chemical and structural richness of the transition metal oxides, in 

particular the manganites [26–28], recently we reported a study of fully YSZ-compatible 

electrode materials avoiding basically La/AE elements in their composition [29,30]. In 

particular, yttrium manganites with YMnO3+ composition have caught our attention for 

several reasons: (i) Y is a constitutive element of state-of-the-art YSZ electrolyte and does 

not form any pyrochlore zirconate phase in SOFC cell elaboration or operating conditions 

[31], suggesting limited interface degradation and (ii) the material can exhibit large oxygen 

hyperstoichiometry and a reversible capacity to store different quantities of oxygen [32–

34]. Excepting particular synthesis conditions (far from SOFC application), the structure of 

small Rare Earth (RE) manganites (RE=Dy-Lu, Y, Sc) is not a perovskite. The layered 

                  



structure with space group P63cm is built of layers of Y3+ ions and MnO5 trigonal 

bipyramids, in which the corner-sharing polyhedra form a triangular network in the basal 

plane ab (Fig. 1) [35–38]. 

In our previous work, we explored the possibility to substitute Zr for Y in YMnO3+ and 

confirm a solubility limit around x=0.1 using solid-state synthesis route [30] as well as the 

perfect chemical compatibility between Y1-xZrxMnO3+ (YZM) and YSZ electrolyte. In a 

more recent study [29], we performed an in-depth structural characterization of Y1-

xZrxMnO3+ compounds, prepared by a sol-gel Pechini-type route, and addressed in 

particular the charge equilibrium in the Zr-doped compounds. Zirconium was found to both 

stabilize the excess oxygen compared to pure YMnO3 and possibly provide an oxygen ion 

migration path with a lower energy barrier, the symmetry of the crystal structure being 

increased to the P63/mmc space group; the main consequence of Zr-doping on the 

structure is the absence of [Mn-O] corrugated layers evidenced in Fig. 1 for undoped 

YMnO3. A possible MIEC behaviour in Zr-doped YMnO3+ was suggested by both the 

conductivity measurements and theoretical calculations. The initial EIS measurements 

were very promising, confirming the YZM potential as cathode material for Solid Oxide 

Fuel Cells.  

The present article deals with a study of the electrochemical characteristics of YMnO3 and 

the effect on these of the partial substitution of Y by Zr, Y0.9Zr0.1MnO3+δ. The potential use 

of these materials as SOFC cathode is analyzed by studying the mechanism of the O2-

reduction reaction at 600, 700 and 800 °C, and its correlation with high temperature 

transport properties previously reported [25]. 

                  



2. Experimental. 

Powders of YMnO3 and Y0.9Zr0.1MnO3 were synthetized by using the Pechini route from 

metal precursors in the form of nitrates, carbonates and oxides, as discussed elsewhere 

[29]. The powders were pressed into pellets which were heat treated in air, at 1100 °C 

(YMnO3) or 1200°C (Zr-doped sample) for 12 hours, with a heating ramp of 5°C min-1. 

Phase purity was confirmed by X-ray powder diffraction (BRUKER D8 ADVANCE powder 

diffractometer working in Bragg Brentano geometry with Cu-K radiation and 1D LynxEye 

detector). 

The electrochemical performance of porous YMnO3 and Y0.9Zr0.1MnO3 (YZM) electrodes 

was achieved by Electrochemical Impedance Spectroscopy (EIS). This characterization 

was carried out on dense Yttria-Stabilized Zirconia (YSZ) electrolytes, using a symmetrical 

LSM/YZM/YSZ/YZM/LSM cell configuration. LSM stands for La0.2Sr0.8MnO3 perovskite 

material, used here as current collector. Symmetrical cells were prepared by depositing a 

porous layer of YZM on both sides of a dense YSZ pellets. Dense YSZ electrolyte (~ 1 cm 

diameter) were obtained pressing commercial YSZ (TZ-8Y, Tosoh Corporation) sintered at 

1300°C for 6 h. YZM powders were dispersed with polyvinyl butyral (1.7 % w/w), 

Polyvinylpyrrolidone (0.9 % w/w), isopropanol (38.8 % w/w) and α- terphineol (23.6 % 

w/w). The YSZ substrates were covered onto both flat sides with the as-obtained YZM ink 

using spin coating technique. Afterwards, the symmetrical assemblies were heat treated at 

1150 °C for 3 h in air to promote electrode/electrolyte adhesion. The microstructure 

homogeneity and electrode thickness were studied with Scanning Electronic Microscopy 

(SEM) using an FEI Nova NanoSEM 230 microscope. 

EIS measurements were performed using a frequency response analyzer (FRA) coupled 

to an AUTOLAB potentiostat. EIS spectra were recorded in the temperature range from 

500 up to 800 ºC in dry air. Also, at 600, 700 and 800 °C, EIS spectra were collected 

                  



varying the oxygen partial pressure (pO2) within the range of 10−4 to 1 atm, using Ar as gas 

carrier. Controlled pO2 atmospheres were provided by an electrochemical system 

composed of an oxygen pump and an oxygen sensor [39]. The resulting spectra were 

fitted with electrical equivalent circuit using a MatLab code [40]. 

 

3. Results and discussion. 

Figure 2(a) and 2(b) show SEM micrographs of the porous YZM electrodes deposited on 

the dense YSZ electrode and covered with the LSM current collector. Figures 2(c) and 2(d) 

show a detail of the pure and Zr-doped YSM/YSZ interfaces, respectively. The electrodes 

present agglomerated particles with large size (0.5-1 m). A good electrode-electrolyte 

contact is achieved, no cracks were observed for the studied cathodes and the cross 

sections show a film thickness of approximately 25-30 m for both electrodes. 

Recently, we reported a preliminary electrochemical study of YZM as a function of 

temperature [29]. In that work, we found that, despite the higher electrical conductivity of 

the Zr-doped sample (e.g. σ at 800 ºC are 0.01 and 0.2 S cm-1 for YMnO3 and 

Y0.9Zr0.1MnO3, respectively), the area specific resistance (ASR) obtained from EIS 

measurements for YMnO3-based cell were lower than those of Y0.9Zr0.1MnO3-based cell 

(e.g. ASR at 800°C in air are 0.21 and 0.83 Ω cm2 for YMnO3 and Y0.9Zr0.1MnO3, 

respectively). In that previous work, we found that optimum adhesion temperature between 

Y0.9Zr0.1MnO3 electrode and YSZ electrolyte is 1100ºC. However, in order to perform a 

better comparison, we decided to focus the present study on the oxygen reduction reaction 

measured for electrodes treated at the same adhesion temperature of 1150 °C.  

Figure 3 shows the dependence of ASR for LSM/YMnO3/YSZ/YMnO3/LSM and 

LSM/Y0.9Zr0.1MnO3/YSZ/Y0.9Zr0.1MnO3/LSM cells with temperature in air. The ASR values 

                  



for YMnO3 cells are lower than those of Y0.9Zr0.1MnO3 in the whole range of temperature. 

Previously, we found that the EIS spectra collected in air present two well distinguished 

arcs (not shown here) [29]. The contribution observed at frequencies higher than 101 Hz 

disappears from 600°C; then, this arc was associated to the electrolyte impedance [41]. 

Consequently, only the low frequency contribution can be associated with the Oxygen 

Reduction Reaction (ORR) taking place at the electrode. In order to determine the 

processes involved in the ORR for the cathode materials, the symmetrical cells were 

measured at different oxygen partial pressures (10-4 ≤ pO2 ≤ 1 atm) for T= 600, 700 and 

800 °C.  

Figures 4, 5 and 6 show the evolution of the EIS spectra collected for YMnO3 and 

Y0.9Zr0.1MnO3 electrodes as a function of pO2 at 600, 700 and 800 °C, respectively. The 

EIS spectra increase as pO2 decreases, which is expected due to limitation of oxygen 

reactive species. The shape of the spectra for Zr-doped manganite are different from the 

cell with YMnO3; this fact is related to the different limiting steps controlling the oxygen 

reduction at each electrode. At high pO2, YMnO3 presents a lower impedance than 

Y0.9Zr0.1MnO3. However, at 600 and 700 °C, the impedance of YMnO3 increases more 

than for Y0.9Zr0.1MnO3 as pO2 decreases. Therefore, the impedance of YMnO3 exceeds 

that of Y0.9Zr0.1MnO3 at low pO2 values. Also, at all temperatures, the maximum relaxation 

frequencies for YMnO3 are higher than for Y0.9Zr0.1MnO3. 

Nyquist and Bode plots at 600 and 700 ºC in the case of YMnO3 cell (Figures 4(a), a(b), 

5(a) and 5(b)) show only one maximum of relaxation frequency, suggesting that the 

mechanism limiting the oxygen reduction reaction is controlled by a single step in the 

whole pO2 range. However, at 800 °C, the existence of two processes is evident, 

especially at low pO2, where a second arc is easily distinguishable (Figures 6(a) and 6(b)). 

On the contrary, Nyquist and Bode plots for Y0.9Zr0.1MnO3 cell indicate the presence of two 

                  



processes at 600, 700 and 800 °C (Figures 4(c), 4(d) 5(c), 5(d), 6(c) and 6(d)). However, 

in order to clarify how many mechanisms are controlling the ORR, the spectra obtained 

were fitted using equivalent electrical circuits (EEC). The best fit results for both electrodes 

were obtained with the EEC composed by: an inductive element (L1) due to the inductance 

of the wires, an ohmic resistance (R1) that corresponds to the electrolyte resistance, a high 

frequency parallel combination of one resistance and one constant phase element 

(R//CPE), only present at 600 °C, a Gerischer-type element (G), that describes the 

contribution at intermediate frequencies, and a R//CPE element at low frequencies. 

However, in the cases where the polarization resistance that corresponds to the R//CPE 

element (RCpe) is negligible, the spectra were fitted by a unique G element (e.g. for 2x10-

2<pO2<1 atm). 

Figure 7 shows the evolution of the polarization resistance with the oxygen partial pressure 

pO2 for each component of the EEC in the case of both YMnO3 and Y0.9Zr0.1MnO3 

electrodes and at T=600, 700 and 800°C. The polarization resistance of the high 

frequency contribution, only observed at 600°C for both electrodes, was not included in 

Figure 7. This impedance is negligible in comparison with the intermediate and low 

frequencies and exhibits capacitances values of C~10-5 F/cm2, which can be associated 

with a process of ionic transfer. Therefore, as explained above, this contribution can be 

attributed with greater certainty to the ionic intergranular resistance of the electrolyte, due 

to the fact that YSZ electrolyte exhibits low ionic conductivity values at T≤ 600°C. Given 

that the YSZ conductivity increases with temperature, such contribution disappears at 

higher temperatures and is not usually taken into account for electrode reaction analysis 

[42,43].  

Figures 8(a) shows the Arrhenius plot of the Gerischer polarization resistance 

component (RG) at low (6 10-4 atm) and high (0.2 atm) pO2. Figure 8(b) shows the 

                  



Arrhenius plot, for the low frequency component (RCpe), only observed at low pO2. Table 1 

summarizes the main characteristics of the impedance response. At high pO2, similar 

values of activation energies (Ea) were obtained for RG, i.e. 1.03 and 0.99 eV, for YMnO3 

and Y0.9Zr0.1MnO3, respectively. At low pO2, the Ea obtained for RG differs from 1.27 eV for 

YMnO3 to 0.56 eV for Y0.9Zr0.1MnO3 electrode. On the contrary, for the low frequencies 

RCpe contribution, the Ea of the Y0.9Zr0.1MnO3 sample (0.57 eV) is higher than of undoped 

one (0 eV).  

The intermediate frequency Gerischer impedance (ZG) shows the largest difference 

between both electrodes. Figure 7 shows that, except at high pO2, the RG values of the Zr-

doped YMnO3 is higher than those of the undoped electrode. Also, the Gerischer element 

pO2 dependence is RG α pO2
-0.5 for YMnO3, and RG α pO2

-0.25 for Y0.9Zr0.1MnO3. The 

different pO2 dependence indicates a change of limiting step in the O2 reduction reaction 

when YMnO3 is doped with Zr. This is also supported by the different activation energies, 

which is twice higher for YMnO3 than for Y0.9Zr0.1MnO3 at low pO2. The Gerischer-type 

impedance arises from solving the diffusion equation for a semi-finite medium, in which the 

concentration on the surface is controlled by a surface oxygen exchange reaction [44]. 

Thus, the Gerischer-type impedance can be described more accurately as a co-limiting 

process between the oxygen exchange at the electrode/gas surface and the oxygen ion 

diffusion, either in the surface or the bulk of materials [45–47]. This model was adapted for 

a porous single-phase MIEC and depends on the concentration and diffusivity of 

vacancies within the electrode’s bulk [48]. Then, Gerischer impedance has been found in 

mixed conducting electrodes even with poor electronic conductivity, as those made of 

lanthanum chromite/titanate. Therefore, it is not surprising to find this electrochemical 

behavior in electrodes with YMnO3, which exhibits a low electronic conductivity, but might 

have a high ionic conductivity. The co-limiting origin of the Gerischer impedance gives 

                  



place to a convoluted resistance 𝑅𝐺 = √𝑅𝐷𝑅𝑆 , where 𝑅𝐷 refers to the O-diffusion 

resistance and 𝑅𝑆 the resistance associated to the surface process. From table 1, it can be 

noted that both samples exhibit capacitances values around C~10-2-10-1 F cm-2, which are 

consistent with the fact that surface plays an important role in the oxygen reduction 

mechanism of both samples. However, whereas the dependence of RG with pO2 for 

YMnO3 (n =-1/2) is consistent with a surface process controlled by the chemisorption of 

O2, the dependence observed of Y0.9Zr0.1MnO3 (n= –1/4) suggests that the controlling 

surface process is dominated by the O2-disociative adsorption. In the first case (n =-1/2 for 

YMnO3), the surface process is mediated by a highly unstable physisorbed diatomic 

intermediated, which is transformed to a more stable diatomic superoxide intermediate 

(𝑂2 + 𝑉𝑂,𝑠
⋅⋅ + 𝑒−⇌ (𝑂2)𝑂,𝑠

⋅
; 𝑅𝑆 ∝ 𝑝𝑂2). This process is limited by the energy barrier for the 

electron transfer process, i.e. is characterized by a high activation energy beyond 1 eV for 

YMnO3 [49]. When YMnO3 is doped, the partial substitution of Y+3 for Zr+4  increases the 

electronic transport and the O-interstitials defect concentration [29], leading to a change of 

mechanism to a surface reaction mediated by a highly unstable physisorbed diatomic 

intermediate, which is transformed to a more stable single-atomic adsorbed intermediate 

(𝑂2 + 𝑠 → 𝑂2,𝑠 + 𝑠 + 4𝑒 −
𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔

→     2𝑂𝑠
−2, 𝑅𝑆 ∝ 𝑝𝑂2

0.5). The surface process is then limited by 

the probability of finding an available second surface site (s) near to the diatomic 

intermediate [49]. The dissociative-adsorption has lower activation energy than those 

involving charge transfer, due only to the enthalpy of dissociation.  

Finally, as well the Gerischer element, the low frequency contribution described by the 

R//CPE element exhibits some differences between the pure and the doped sample. In 

general, the pO2 dependence (RCpe α pO2
-0.5-pO2

-0.75) and the capacitances values 

(C~0.05-0.01 F cm-2) for YMnO3 are lower than the respective values for the Zr-doped 

sample (RCpe α pO2
-0.75-pO2

-1 and C~0.1-1 F cm-2). These differences suggest a 

                  



competition between O2-gas diffusion (large capacitance value and R α pO2
-1) and a 

surface process. Then, for Y0.9Zr0.1MnO3 the low frequency impedance behavior is in 

agreement with a limiting step due to O2-gas diffusion, whereas for YMnO3, the n value, 

the capacitances and the fact that such impedance appears at low frequency allows 

associating it with an oxygen dissociative adsorption process on the electrode surface 

[50,51]. Summarizing, the impedance results suggest that the O2-reduction mechanism is 

controlled by 𝑂2 + 𝑠 + 𝑒 −
𝑐𝑜−𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔  ZG
→         𝑂2,𝑠

− + 𝑠 + 3𝑒 −
𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 ZR//Cpe
→         2𝑂𝑠

−2 for YMnO3 sample and 

𝑂2,𝑔𝑎𝑠
𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 ZR//Cpe
→        𝑂2,𝑝𝑜𝑟𝑒 + 𝑠 → 𝑂2,𝑠 + 𝑠 + 4𝑒 −

𝑐𝑜−𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔  ZG
→         2𝑂𝑠

−2 for Y0.9Zr0.1MnO3. Then, 

whereas the reaction for YMnO3 is limited by two charge transfer steps, the Zr substitution 

facilitates these processes. However, Zr also increases the number of O-interstitials, which 

can block the free surface sites required for the O2 dissociation. 

 

4. Conclusions 

 

The study of the electrochemical performance of YMnO3 and Y0.9Zr0.1MnO3 by EIS, using 

YSZ and LSM as electrolyte and current collector, respectively, allow to obtain original 

information about the mechanisms involved in the oxygen reduction reaction of these 

novel SOFC porous electrodes. The EIS spectra, recorded in the temperature range from 

500 up to 800 °C in dry air, and at 600, 700 and 800 °C, varying the pO2 within the range 

of 10−4 to 1 atm, were fitted using an EEC. The best fit results for both electrodes were 

obtained with the EEC composed by an inductive element, an ohmic resistance, a 

Gerischer-type element being the main contribution at intermediate frequency and two 

parallel combinations of one resistance and one constant phase element (R//CPE), one at 

high frequency only present at 600 °C and the other one at low frequency mainly observed 

                  



at low pO2 and high temperature. The ohmic resistance and the high frequency R//CPE 

correspond to the electrolyte resistance and the oxygen ion transfer trough the 

electrode/electrolyte interface, respectively. The Gerischer-type element is related to a co-

limiting process between oxygen ion diffusion and a surface process. For the YMnO3 

electrode, the surface process was attributed to electron transfer to a diatomic adsorbed 

specie (O2-chemisorption), while for Y0.9Zr0.1MnO3, was attributed to the probability of 

finding a second free-surface site near to the diatomic intermediated to assist the 

molecular dissociation (dissociative adsorption). The low frequencies R//CPE element is 

attributed to dissociation of the chemisorbed O2 on YMnO3 electrode and to O2 gas 

diffusion/physisorption for Y0.9Zr0.1MnO3 sample. The differences observed in the ORR 

mechanism were associated to the increase of both the electronic transport and increasing 

of the O-interstitials concentration due to the partial substitution of Zr4+ for Y3+
 in the doped 

YMnO3 sample. 
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Figure Captions 

 

Figure 1. (a) YMnO3 crystal structure showing the laminar arrangement made of (b) MnO5 

trigonal bi-pyramids that are (c) joined by corners. Mn in violet, Y in green and O in yellow. 

In (b,c), equatorial oxygen atoms are evidenced in red while apical oxygen atoms are left 

in yellow. 

                  



 

Figure 2. SEM images of the electrode microstructure for (a) 

LSM/YMnO3/YSZ/YMnO3/LSM and (b) LSM/Y0.9Zr0.1MnO3/YSZ/Y0.9Zr0.1MnO3/LSM 

symmetric cells. (c) and (d) shows a detail of YMnO3/YSZ and Y0.9Zr0.1MnO3/YSZ 

interfaces, respectively, after thermal treatment at 1150 °C. 

                  



 

Figure 3. Dependence of the area specific resistance (ASR) with temperature for the 

symmetrical cells with YMnO3 and Y0.9Zr0.1MnO3 electrodes heat-treated at 1150 ºC. 

                  



 

Figure 4. (a)-(b) Nyquist and (c)-(d) Bode representation of impedance spectra for 

LSM/YMnO3/YSZ/YMnO3/LSM and LSM/Y0.9Zr0.1MnO3/YSZ/Y0.9Zr0.1MnO3/LSM cells 

measured at T=600°C for different pO2 values. A zoom in the high pO2 range was inserted 

in the corresponding figures. 

 

                  



Figure 5. (a)-(b) Nyquist and (c)-(d) Bode representation of impedance spectra for 

LSM/YMnO3/YSZ/YMnO3/LSM and LSM/Y0.9Zr0.1MnO3/YSZ/Y0.9Zr0.1MnO3/LSM cells 

measured at T=700°C for different pO2 values. A zoom in the high pO2 range was inserted 

in the corresponding figures. 

 

Figure 6. (a)-(b) Nyquist and (c)-(d) Bode representation of impedance spectra for 

LSM/YMnO3/YSZ/YMnO3/LSM and LSM/Y0.9Zr0.1MnO3/YSZ/Y0.9Zr0.1MnO3/LSM cells 

measured at T=800°C for different pO2 values. A zoom in the high pO2 range was inserted 

in the corresponding figures. 

                  



 

Figure 7. Evolution of the polarization resistance for the intermediate frequency Gericher-

like impedance (RG) and the low frequency element R//CPE (RCpe) as a function of pO2 for 

LSM/YMnO3/YSZ/YMnO3/LSM cell measured at (a) 600, (b) 700 and (c) 800°C and for 

LSM/Y0.9Zr0.1MnO3/YSZ/Y0.9Zr0.1MnO3/LSM cell measured at (d) 600, (e) 700 and (f) 

800°C. The reaction order with respect to pO2 is also included for each step. 

                  



 

Figure 8. Plots of a) RG and b) RCpe at low (6.4 10-4 atm) and high (0.2 atm) pO2 as a 

function of temperature. The activation energy (Ea) of impedance elements is obtained 

from Arrhenius plot and indicated in the graph for YMnO3 (red) and Y0.9Zr0.1MnO3 (blue) 

electrodes. 

 

                  



 

Table 1. Summary of main characteristics of the components of the EEC used to fit the 

electrochemical impedance response. EEC includes a inductive element (L1-wire), an 

ohmic resistance (Rel-electrolyte), a high frequency (HF) parallel combination of one 

resistance and one constant phase element (R//CPE- only present at 600 °C), a 

Gerischer-type element (G), and a R//CPE element at low frequencies. The R//CPE is 

observed at low pO2. 

 
 

 T  

(°C) 

Gerischer-type ZG Low frequency ZR//Cpe 

~n 

(R  

(pO2)
n
) 

~C 

(F/cm
2
) 

Ea (eV) 

low-high pO2  

~n 

(R  (pO2)
n
) 

~C 

(F/cm
2
) 

Ea (eV) 

low pO2  

YMnO3 600 -½ (-0.45) 10
-2

-10
-1

  

1.27-1.03 

- ½ (-0.55) 0.05  

0 700 -½(-0.56) 10
-2

  - ½ (-0.54)  10
-2

  

800 -½ (-0.44) 10
-2

  -¾ and -1 (-0.83) 10
-2

  

Y0.9Zr0.1MnO

3 

600 -¼ (-0.22) 10
-2

-10
-1 

 

0.56-0.99 

-¾ (-0.75) 1  

0.57 700 -¼ (-0.25) 10
-2

  -¾ and -1 (-0.85) 10
-1

-1  

800 -¼ (-0.30) 10
-3

-10
-2

  -¾ and -1 (-0.91) 10
-1

  

 

 

 

                  


