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Abstract: Perovskites are important alternatives for precious metals as catalysts for bifunctional 

oxygen electrodes, involving oxygen evolution (OER) and reduction (ORR) reactions as is the case 

of regenerative fuel cells. In this work, strontium doped lanthanum ferrite La1−xSrxFeO3−δ (x = 0; 0.1; 

0.2; 0.3; 0.4; 0.6 and 1.0) powders were prepared by a self-combustion route. The oxides, in the form 

of carbon paste electrodes, were characterised by cyclic voltammetry in alkaline solutions. Data 

analyses lead to the selection of La0.8Sr0.2FeO3−δ to prepare gas diffusion electrodes (GDEs). Cyclic 

voltammetry and steady state polarization curves were used, respectively, to assess the 

electrochemical behaviour of GDEs and to obtain kinetic data for both OER and ORR. It is 

concluded that the oxide preparation conditions/electrode configuration determine the electrode 

performance. The bifunctionality of the electrodes was assessed, under galvanostatic control, using a 

cycling protocol within the potential domains for OER and ORR. The potential window, i.e., the total 

combined overpotential between OER and ORR was found to be of ≈770 mV, value which compares 

well with that obtained under potentiostatic control. Even though the potential window keeps 

constant during 140 cycles, the increase in cycling time and/or current density (≥2.5 mA·cm
−2

) led to 
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a gradual metallization of the GDE surface, as confirmed by
 
Scanning Electron Microscopy and X-

ray diffraction analysis. 

Keywords: La0.8Sr0.2FeO3−δ; bifunctional oxygen catalyst; gas diffusion electrodes; stability 

 

1. Introduction 

Oxygen electrochemistry has been extensively studied because of its fundamental complexity as 

well as importance in many practical technologies and industrial processes. In particular, it is the key 

of several renewable energy technologies such as water electrolysis, metal-air batteries and several 

types of fuel cells including unitized regenerative fuel cells. One of the challenging problems in the 

field is to find effective electrode materials that operate alternatively as anode and cathode and 

catalyze the oxygen electrochemical reactions—bifunctional oxygen electrodes [1,2]. The search of a 

compromise between electrocatalytic activity, long-term stability and cost motivates the numerous 

studies on this area. Indeed, there is a lack of bifunctional oxygen catalysts, which possess high 

activity, reasonable electronic conductivity, low cost and stability. So far, the sluggish, strong 

irreversible nature of the oxygen electrochemical kinetics in conjunction with the distinct potential 

and conditions necessary for oxygen evolution (OER) and reduction (ORR) reactions, makes it 

difficult to find single bifunctional materials. Typically, the catalysts for oxygen reactions are made 

up of precious metals, such as Pt and Ir [3–6]. It is also well known that metals such as Pt perform 

quite well for ORR (but poorly for OER), while metal oxides such as RuO2 and IrO2 perform the 

other way around [7,8]. Catalyst large-scale applications are hindered by the high cost, limited 

supply, and poor durability for both ORR and OER [9,10,11]. 

The development of cost-effective catalysts, based on mixed transition metal oxides [12–19], 

has introduced non-precious metals as promising alternative candidates for oxygen reactions. Some 

perovskite-type oxides meet the mentioned requisites, namely high catalytic activity for oxygen 

reactions and stability in aqueous alkaline electrolytes [10–25]. However, the number of publications 

using perovskite materials as bifunctional catalyst is still reduced [15,17,18,19,26,27]. 

In 1970, Meadowcroft [20] described the use of perovskites in zinc air batteries for the first time. 

It was pointed out that Sr doping of LaCoO3 increases both electronic conductivity and catalytic 

activity towards ORR in a way comparable to that of Pt. Since then, perovskite type oxides have 

been considered attractive electrocatalyst materials. Moreover, rare-earth and transition metals are 

more abundant and cheaper than platinum and other precious materials.  

The catalytic activity of perovskite-type oxides (ABO3) is quite dependent on both the transition 

metal element and ratio rare-earth metal/transition metal [21,22]. The tailoring of physical-chemical 

and catalytic properties can be fostered by partial substitution of both rare earth and transition metals. 

In particular, the ORR activity of perovskites correlates strongly with the transition metal cation 

ability to adopt different valence states, leading to the formation of redox couples at ORR  

potentials [2,28]. In the A-site, different lanthanides have been explored and La has demonstrated 

one of the best performances [29,30]. LaNiO3 has been widely investigated by several groups as an 

oxygen catalyst [31–36]. Stability of GDEs in the OER region has been put forward in different 

substrates with good results when supported on Ni foam [37]. On the other hand, Mn, Co and Ni in 

the B-site are within the transition metals with significant impact on both ORR and OER rates while 
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Cr and Fe have shown high chemical and electrochemical stability in alkaline solutions [38]. 

Notwithstanding, the subject is complex and controversial results can be found. For instance, 

Manoharan and Shukla [39] found a higher catalytic activity for Co-perovskites than for Mn-

perovskites, while Karlson [40] showed the opposite. The oxide synthesis method, specific surface 

area, support material and electrode preparation method are key factors to be considered when 

analysing electrodes performance. 

In the past 10 years, considerable attention has been paid to perovskite materials falling within 

the nominal composition La1−xSrxMO3 (where M is a transition metal) as catalysts for oxygen 

reduction in high temperature environments, showing relatively high conductivity [41,42] and high 

electrocatalytic activity [43,44,45]. La1−xSrxFeO3−δ has been studied for decades as cathode and 

anode in high temperature fuel cells and electrolyzers, respectively [46,47]. It has been reported that 

the system electrocatalytic activity towards the OER increases as the fraction of oxygen vacancies 

and x both increase [48,49]. A similar trend was observed for compositions with 0.40 ≤ x ≤ 0.95, and 

the highest activity in terms of exchange current density was observed for x = 0.9 [50]. This result 

was attributed to the high concentration of Fe
4+

 ions for this latter composition. Besides, 

La1−xSrxFeO3−δ powders with x = 0.1 and 0.2 used in the form of a sandwich between two nickel wire 

mesh were reported as bifunctional oxygen electrodes [51].  

One critical issue of the development of reliable and durable perovskite bifunctional electrodes 

is the gradual degradation of activity at the cathode side during long-term operation, related to the 

formation of secondary phases besides other causes [52].  

In this context strontium doped lanthanum ferrite, La1−xSrxFeO3−δ (x = 0; 0.1; 0.2; 0.3; 0.4; 0.6 

and 1.0) powders were prepared by a self-combustion route. The oxides, in the form of carbon paste 

electrodes, were characterized by cyclic voltammetry in alkaline solutions. Based on this study the 

oxide with x = 0.2 was selected to prepare GDEs for further investigation of the electrocatalytic 

performance of strontium doped lanthanum ferrite towards OER and ORR in alkaline solutions.  

The La0.8Sr0.2FeO3−δ GDEs were characterised by cyclic voltammetry and studied as oxygen 

electrodes in alkaline solutions at room temperature. The cycling stability between OER and ORR 

was tested at different current densities. To ascertain further the electrode stability, the morphology 

and structure, after multiple cycles, were investigated by scanning electron microscopy coupled with 

energy dispersive X-ray spectrometry microanalysis (SEM/EDS) and X-ray diffraction (XRD).  

2. Materials and Method 

2.1. Synthesis and Characterization of Catalyst Materials 

La1−xSrxFeO3−δ (0 ≤ x ≤ 1) powders were prepared by a self-combustion route, following a 

previously published methodology for similar compounds [53]. The starting reagents La2O3 (Riedel-

de Häen, 99%), previously heated at 900 °C, FeC2O4·2H2O (Riedel-de Häen, 99%) and SrCO3 

(Aldrich, 99.9%), in the appropriate molar ratios, were dissolved in nitric acid (Sigma-Aldrich, 69%). 

An excess of citric acid (Sigma-Aldrich, 99.5%), relatively to the total metals ions, was added to the 

solution, which was gently heated until the formation of a concentrated gel. Further heating led to the 

gel auto-ignition and rapid combustion.  
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The resulting powder was heated at 600 °C (6 h), to remove any remaining organics, before 

being further calcined in air at 1000 °C (24 h) and 1100 °C (24 h), with intermediate grinding, until 

the desired phase was obtained, as confirmed by X-ray powder diffraction (XRD).  

Structural characterization by room temperature XRD was performed using a Panalytical X’pert 

Pro diffractometer (θ/2θ) equipped with an X’Celerator detector and operating with 

monochromatized Cu-Kα radiation. The data were recorded in the 2θ range 10–80° with a 2θ step 

size of 0.017° and a step time of 20 s.  

2.2. Carbon Paste Electrodes 

Carbon paste electrodes (CPEs) were prepared by hand-mixing carbon paste (BASI-CF-1010) 

and oxide powder in a ratio of 3:1 (w/w). This paste was then packed into the cavity of a BASI-MF-

2010 electrode support. Before measurements, the electrode surface was smoothened on a piece of 

tracing paper in order to get a uniform, smooth and fresh surface. CPEs were employed to carry out a 

voltammetric study to select the most promising composition from the La1−xSrxFeO3−δ (0 ≤ x ≤ 1) 

series, to be used in the preparation of gas diffusion electrodes. 

2.3. Gas Diffusion Electrodes 

Gas diffusion electrodes were prepared on TORAY carbon paper substrates (CP), assembling a 

gas diffusion layer (GDL), a catalyst layer (CL) and a Nafion® layer. The gas diffusion layers were 

prepared from carbon black Vulcan XC-72 R powder, with a loading of 2.5 mg·cm
−2

. To fabricate 

the catalyst layer, an ink was prepared by suspending the material in isopropanol, and stirring in an 

ultrasonic bath for 10 min to thoroughly wet and disperse it. A 5% Nafion® dispersion solution 

(Electrochem, Inc.) was then added to the mixture. The catalyst inks were dispersed onto the gas 

diffusion layer with a brush, and dried at 50 °C, until a catalyst loading of 3 mg·cm
−2

 was achieved. 

Finally, a Nafion layer was painted over the catalyst and dried at 50 °C until a targeted loading of  

0.7 mg·cm
−2

 was reached.  

The gas diffusion electrode samples contact to an electrical wire was made using a conducting 

silver epoxide. The electrodes were then mounted in a glass tube, which was sealed with epoxy resin.  

Electrode morphology and elemental composition, before and after cycling, were assessed using 

a scanning electron microscope Philips XL 30 FEG model, with a field emission electron source, 

operated with acceleration voltage of 15 kV, and coupled with an energy dispersive X-ray 

microanalysis spectrometer. The Si (Li) detector is equipped with a 3 mm super ultrathin window 

(SUTW) allowing detection and quantification of elements with low characteristic X-ray, such as 

oxygen. 

2.4. Electrochemical Studies 

A conventional three-electrode glass cell was used. The measurements were carried out at room 

temperature, using Hg/HgO/1 M KOH (98 mV vs. SHE) electrode as reference and a graphite bar as 

counter electrode. A potassium hydroxide 1 M solution was prepared using Millipore Milli-Q 

ultrapure water. 

The experiments were performed using a computer controlled Gamry 600 potentiostat/galvanostat.  
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Oxygen evolution and reduction reactions, on both CPEs and GDEs, were studied under oxygen 

equilibrium conditions. Cyclic voltammograms were recorded in N2-saturated 1 M KOH solutions at 

a sweep rate (v) of 10 mV·s
−1

. Polarization curves were obtained in the potential range where the 

oxygen evolution (730 to 400 mV) and reduction (250 to −350 mV) occur, under N2 or O2-saturated 

1 M KOH, at v = 0.2 mV·s
−1

. 

GDE cycling was carried out under galvanostatic control in 1 M KOH solutions for a sustained 

period of time of 300 s in each region (OER and ORR) during the performance of 140 full cycles, 

using current densities of 0.44, 1.11 and 2.45 mA·cm
−2

.  

3. Results and Discussion  

3.1. Choice of the Oxide Composition to Integrate the GDE 

Figure 1 presents the current densities (c.ds.) for OER and ORR for La1−xSrxFeO3−δ (x = 0; 0.1; 

0.2; 0.3; 0.4; 0.6 and 1.0) CPEs, obtained from voltammetric curves at E = 650 and −200 mV vs 

Hg/HgO, respectively.  

 

Figure 1. Current densities for OER and ORR at E = 650 and −200 mV vs Hg/HgO, 

respectively, obtained from voltammetric curves on La1−xSrxFeO3−δ (x = 0; 0.1; 0.2; 0.3; 

0.4; 0.6 and 1.0) oxides in the form of carbon paste electrodes in 1 M KOH at  

v = 10 mV·s
−1

. Inset presents a cyclic voltammogram in 1 M KOH for the nominal 

composition x = 0.2 at v = 10 mV·s
−1

. 

Considering that the amount of carbon is the same for all the electrodes, the results clearly 

indicate that both OER and ORR c.ds. decrease with increasing of the Sr amount in the samples. 

These results disagree with those reported by other authors [48,49,50], that observed an increase on 

the electrocatalytic activity for OER with increasing x. This disagreement likely results from 

differences in the materials synthesis conditions, that most probably affect the Fe
3+

/Fe
4+

 ratio and the 

amount of oxygen vacancies in the bulk [50]. Figure 1 also shows that among the studied samples the 
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ones with x = 0.1 and 0.2 exhibit the highest c.ds. for both OER and OER. Based on these 

preliminary results and knowing that the conductivity of the x = 0.2 composition is higher than for  

x = 0.1, the sample with nominal composition La0.8Sr0.2FeO3−δ was selected to prepare GDEs and 

investigate in detail its bifunctionality for oxygen reactions [50,54]. 

A cyclic voltammogram (CV) for the nominal composition x = 0.2 at v = 10 mV·s
−1

 is displayed 

in the inset of Figure 1. For this composition, voltammetric curves obtained in the pseudo-capacitive 

potential range showed an almost rectangular profile, indicating a very limited ohmic drop (not 

shown). This result also supports the choice of the sample with nominal composition La0.8Sr0.2FeO3−δ. 

3.2. Structural Characterization 

The XRD pattern of La0.8Sr0.2FeO3−δ is presented in Figure 2 together with that of LaFeO3, 

prepared using the same methodology. The comparison between the two patterns shows that some 

minor diffraction peaks (namely around 2θ = 25.3, 34.2 and 47.6°) are absent for the x = 0.2 data. 

Based on these differences, and considering other results obtained for similar materials, which 

indicated three different crystallographic regions (orthorhombic, rhombohedral and cubic) depending 

on x value [53,55], both orthorhombic and rhombohedral structures were tested. The results clearly 

indicated that, while LaFeO3 present an orthorhombic structure, as previously referred [53], the 

La0.8Sr0.2FeO3−δ compound is better described by a rhombohedral structure (      . Nevertheless, the 

calculated cell parameters of La0.8Sr0.2FeO3−δ obtained in the present work, a = 5.523 Å and c = 

13.435 Å, show that the rhombohedral distortion (a    c) is very small (1.007).  

 

Figure 2. X-ray diffraction patterns for LaFeO3 and La0.8Sr0.2FeO3−δ powder samples. 

3.3. Cyclic Voltammetry  

A representative stabilized cyclic voltammogram for La0.8Sr0.2FeO3−δ gas diffusion oxide 

electrode (CP/GDL/La0.8Sr0.2FeO3−δ), recorded after 10 cycles, in N2-saturated 1 M KOH is 
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presented in Figure 3. For comparison purposes a voltammogram for a CP substrate coated with a 

Nafion® layer (CP/GDL) and oxide free, recorded under the same conditions is also presented. 

 

Figure 3. Cyclic voltammograms recorded for CP/GDL/La0.8Sr0.2FeO3−δ oxide coating 

and CP substrate coated with a Nafion® layer, in N2-saturated 1 M KOH at v =  

10 mV·s
−1
. Current normalized for the electrodes’ geometric area. 

For the CP/GDL/La0.8Sr0.2FeO3−δ electrode, a broad peak (A1) centered at ≈−100 mV and an 

increase of current for E > 400 mV (A2) are observed on the anodic sweep. On the reverse sweep, 

only one corresponding large peak appears at ≈−250 mV (C1). Peak C1 is assumed to involve the 

simultaneous reduction of the oxide (probably Fe
4+

 to Fe
3+

) along with the reduction of the oxygen 

produced in the rising current A2 [48]. In accordance, the broad peak A1 is attributed to the oxide re-

oxidation. This assignment is consistent with the absence of peak A1 on the CV recorded for the 

CP/GDL electrode. On the other hand, contributions from the oxidation of both oxide and carbon to 

the rising current A2 cannot be excluded [37,56,57]. According to Augustin et al. [58] the oxidation 

behavior of perovskite oxides are predominantly governed by the oxygen evolution mechanism. The 

voltammetric profiles also show a significant contribution from the oxide to the pseudo-capacitive 

current density and consequently to an increase of the electrochemical surface area. Indeed a value of 

233 ± 33 was obtained for the electrodes roughness factor, calculated from cyclic voltammograms 

recorded in the double layer region at various sweep rates, in accordance with an approach well 

established in the literature [59]. Values of the same order of magnitude were obtained, in our 

laboratory, when using LaNiO3 supported on CP/GDL [37].  

The data in Figure 3 also show that CP/GDL/La0.8Sr0.2FeO3−δ electrode, for both ORR and OER, 

initiates at lower potentials and with higher current densities when compared with CP/GDL electrode. 

The onset potential for OER is more positive (≈100 mV) for the CP/GDL electrode than for 

CP/GDL/La0.8Sr0.2FeO3−δ electrode. For the ORR, the onset is less negative (≈100 mV) than that of 

CP/GDL electrode and presents smaller current densities. These results indicate that carbon 

contribution, for both ORR and OER, can be neglected under the tested conditions, although several 

studies refer the contribution of carbon into the ORR and OER kinetics on CP/GDL/perovskite oxide 

electrodes [56,60–63]. 
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3.4. Oxygen Reactions 

Figure 4 shows polarization curves for CP/GDL/La0.8Sr0.2FeO3−δ electrodes obtained in N2 or 

O2-saturated 1 M KOH solution, in the potential range where the OER (a) and ORR (b) take place. 

The insets show the respective Tafel plots corrected for the uncompensated ohmic drop. Meaningful 

current densities for OER could be measured for potentials higher than 600 mV. Since the 

equilibrium potential of the oxygen electrode in basic solution is +300 mV vs. Hg/HgO/1 M KOH, a 

minimum overpotential of ≈300 mV is needed for oxygen evolution to occur. From the Tafel plot, 

apparent exchange current density (i0) of (5.3 ± 0.4) × 10
−8

 A·cm
−2

 and slope of 72 ± 5 mV were 

estimated. Values between 55 and 58 mV were published by Suresh et al. [51] for La0.8Sr0.2FeO3−δ 

oxides prepared by a solution method and sandwiched between two Ni wire mesh electrodes. The 

discrepancy on Tafel slopes can be due to the use of different electrode configuration and/or to the 

oxide preparation methods, which may influence the electrocatalytic activity of the electrodes [64]. 

Indeed differences in the oxides synthesis conditions could lead to variations on the Fe
3+

/Fe
4+

 ratio 

and oxygen vacancies that will affect the OER mechanism [49,50]. Wattiaux et al. [50] obtained 

Tafel slopes between 75 and 96 mV for La1−xSrxFeO3−δ (0.40 ≤ x ≤ 0.95) pelleted oxide electrodes 

and i0 ranging from 4.4 × 10
−13

 to 2.0 × 10
−11

 A·cm
−2

, for OER in the low potential region. A 

comparison between these results with those found in this work is not straight forward, since the 

degree of substitution affects the electrocatalytic activity of the La1−xSrxFeO3−δ system towards the 

OER in addition to oxide preparation method and electrode configuration, as already stated. 

     

(a)            (b) 

Figure 4. Anodic (a) and cathodic (b) polarization curves for CP/GDL/La0.8Sr0.2FeO3−δ in 

1 M KOH. The cathodic curves were obtained under N2 or O2 atmospheres without 

stirring and with i) 300 and ii) 500 rpm. Insets show the respective Tafel plots corrected 

for ohmic drop. Current is normalized for the electrode’s geometric area. 

Figure 4b displays a family of linear voltammograms for CP/GDL/La0.8Sr0.2FeO3−δ electrodes in 

the ORR potential range, with 300 and 500 rpm (i, ii) and without stirring in O2-saturated 1 M KOH 

solution. A linear voltammogram in a N2-saturated solution is also presented. It is noticed a small 

reduction current at ca. −150 mV, followed by a plateau which are related with the oxide reduction 
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(probably Fe
4+

 to Fe
3+

) already observed in the cyclic voltammograms. In contrast, higher current 

densities are observed in the O2-saturated solutions as expected. In this case, no major variation of 

current density with stirring is observed between ≈−50 and −140 mV vs. Hg/HgO/1 M KOH 

consistent with charge transfer kinetics control followed by a mixed control region. At higher 

negative potentials, a well-defined limiting current is recorded, dependent on stirring rate.  

For the ORR Tafel analysis, the data points were chosen from the kinetically controlled region 

and corrected for mass-transport effects by calculating the parameter iLi/(iL − i), where i is the current 

density at any potential and iL the voltammetric limiting current density [65]. The Tafel plots show 

one well-defined region (correlation coefficients better than 0.98) extending over two orders of 

magnitude in current density. A Tafel slope of 45 ± 3 mV and i0 = (3.7 ± 0.4) × 10
−11

 mA·cm
−2

 were 

estimated. It is worthwhile to state that the obtained Tafel slope for ORR is lower than the values 

reported by Suresh et al. (115–130 mV) [51]. This could be due, as referred above, to different oxide 

preparation methods and/or electrode configuration. In what concerns the i0 values, no data were 

available in the literature, for this composition.  

As a final remark, it can be said that, the oxide preparation conditions and electrode 

configuration used in this work promote a better performance of the CP/GDL/La0.8Sr0.2FeO3−δ 

electrodes. 

The OER/ORR potential window is currently used as a tool to compare the bifuntional activity 

of catalyst materials. In this study, it was made the quantification of the La0.8Sr0.2FeO3−δ GDE 

electrochemical window associated to the potential difference between the OER and ORR measured 

at 10 mA·cm
−2

 and −1 mA·cm
−2

, respectively (Figure 5). A value of 850 mV was obtained that is 

comparable to those recently reported for bifunctional catalysts such as La0.6Sr0.4Fe0.8Co0.2O3/carbon 

composite (894 mV) [66] and Ba0.5Sr0.5Co0.8Fe0.2O3−δ on N-doped mesoporous carbon (840 mV) [67] 

and lower than the one obtained by Zhu et al. [68] for La0.95FeO3−δ perovskite (1090 mV). This is a 

promising result. Constant current density experiments, more appropriate for the assessment of the 

electrochemical window, were also implemented. Results of cycling between OER and ORR 

domains are presented below. 

 

Figure 5. Anodic and cathodic polarization curves for CP/GDL/La0.8Sr0.2FeO3−δ in 1 M 

KOH at v = 0.2 mV·s
−1

. Current is normalized for the electrodes’ geometric area. 
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3.5. Bifunctionality 

Constant current density cycling experiments were carried out in order to assess electroactivity 

of the CP/GDL/La0.8Sr0.2FeO3−δ electrodes during sustained periods of time (300 s) at oxygen 

reduction and evolution. The electrodes were cycled between OER and ORR using c.ds. of 0.44, 1.11 

and 2.45 mA·cm
−2

. For the lowest current density, the first 3 full cycles are displayed in Figure 6. 

The electrodes exhibited a stable potential for both OER and ORR with values around 600 and  

−175 mV vs. Hg/HgO/1 M KOH, respectively. Similar patterns were obtained for the other current 

densities tested. 

These potential values are lower than those reported by Alegre et al. for 

La0.6Sr0.4Fe0.8Co0.2O3/carbon composite, although their experiments were performed at a much higher 

applied current density of 80 mA·cm
−2

 [69]. 

 

Figure 6. Potential vs. time response of CP/GDL/La0.8Sr0.2FeO3−δ during cycling 

between OER and ORR at 0.44 mA·cm
−2

, at room temperature. First 3 cycles. 

For additional evaluation of the electrodes performance, a set of selected cycles up to the 140
th

, 

are presented in Figures 7a–c), for the three tested current densities. The results demonstrate that the 

electrode is stable regarding repeated cycling between OER and ORR conditions, for current 

densities of 0.44 and 1.11 mA·cm
−2

, with the potential quickly reaching a well-defined plateau value 

in both cases. Moreover, when switching from anodic to cathodic current, i.e., from OER to ORR, 

the transition in the potential vs. time curves is very fast and linear. When reversing the current to 

OER, a more sluggish response is observed with an initial rise time of ≈100 s, which decreases with 

cycling. This behaviour is associated with perovskite surface oxidation [50]. Even though, this value 

is much lower than that exhibited by other bifunctional compounds reported in the literature, which 

transition from ORR to OER expands to times—between 10 and 20 minutes [70]. After 140 cycles 

the potentials for the OER and ORR on-set are separated by ≈770 mV, as shown in Figures 7a and 7b. 

The ΔE values are smaller than those obtained for noble metal catalysts such as Pt (1160 mV) and Ir 

(920 mV) when current densities of 3 and 10 mA·cm
−2

 were applied for ORR and OER  

respectively [71]. 

For c.d. of 2.45 mA·cm
−2

 the electrode demonstrates a fair stability for the OER with negligible 

potential changes and anodic profiles similar to the ones observed for the lower current densities 
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(Figure 7c). In contrast a poor stability is observed in the cathodic region for cycle number >50 with 

the potential rising gradually over the following cycles. It is interesting to note that, when reversing 

the current to OER, after cycle number 80, a decrease on the rise time is observed with cycling, 

indicating a complete oxidation of the perovskite surface. 

A comparison of the OER and ORR potential values for selected number of cycles is presented 

in Figure 7d. As expected, the OER potential does not vary with current density indicating a minimal 

loss of catalytic capability. With respect to the ORR a potential increase is observed when using  

2.45 mA·cm
−2

, especially from the 50
th

 cycle onwards, indicating instability/degradation of the 

electrode.  

 

Figure 7. Potential vs. time response of CP/GDL/La0.8Sr0.2FeO3−δ during cycling 

between OER and ORR, for selected cycles up to the 140
th

 cycle at (a) 0.44 (b) 1.11 and 

(c) 2.45 mA·cm
−2

. Plot of the potential values for OER and ORR vs. current densities for 

selected cycles up to 140 (d).  
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3.6. Stability 

To further confirm the stability of the CP/GDL/La0.8Sr0.2FeO3−δ electrodes, the morphology and 

structure after cycling were investigated by SEM/EDS and XRD. 

Figure 8 shows representative SEM imagesof the electrodes surface before (a) and after cycling 

under galvanostatic control at 0.44 (b) 1.11 (c) and 2.45 mA·cm
−2

 (d). Before cycling the electrode 

surface exhibits a porous and granular morphology. Individual particles are not visible and the 

aggregates have irregular shapes. After cyclicing at 0.44 mA·cm
−2

 the surface morphology appears 

without apparent modification. For the other cycling conditions, the surface morphology clearly 

changes. The images indicate the presence of a new and more compact phase, suggesting surface 

mettalisation.  

 

(a)        (b) 

 

(c)        (d) 

Figure 8. Representative SEM images of the electrodes surface before (a) and after 

cycling under galvanostatic control at 0.44 (b) 1.11 (c) and 2.45 mA·cm
−2

 (d). 

The CP/GDL electrode was also examined by SEM in cross section, after 140 cycles under 

galvanostatic control at 0.44 mA·cm
−2

, as shown in Figure 9. In this image, the catalytic layer, the 

GDL and the carbon fibers of the CP support are clearly visible, as supported by EDS analysis. In 

fact, the qualitative EDS analysis was conducted in the different layers showing the associated 

elemental compositions: region 1 with the presence of La, Sr, Fe, and O from the catalyst and 

elements such as S, F, and C, indicate that the electrode has kept integrity regarding the additives 
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used in the preparation of the catalyst ink. Also shown in Figure 9 are the EDS spectra corresponding 

to typical elements of the diffusion layer and carbon support, exhibited for regions identified in the 

SEM micrograph as 2 and 3 respectively. The catalytic layer after cycling did not show meaningful 

modifications regarding initial composition. 

 

Figure 9. Cross section SEM image of the CP/GDL/La0.8Sr0.2FeO3−δ, after cycling at 

0.44 mA·cm
−2

, presenting 3 different regions. EDS spectra showing elemental 

composition of the catalyst layer (1), gas diffusion layer (2) and CP support (3). 

The XRD patterns for the CP/GDL/La0.8Sr0.2FeO3−δ electrodes before and after cycling are 

presented in Figure 10. For comparison, the pattern of the powder before incorporation (a) is 

included. A comparison between the X-ray diffraction patterns of the electrodes before and after 

cycling showed that all the electrodes maintain the perovskite-type structure. The results also 

demonstrate that, for the lowest c.d., the electrodes are stable regarding repeated cycling between 

OER and ORR. However, for higher c.d. (1.11 and 2.45 mA·cm
−2

), the diffractograms indicate the 

formation of additional peaks, identified as due to the presence of metallic iron (-Fe).  

For the lowest c.d., XRD patterns of the new and cycled electrode are identical and all peaks 

were identified as the perovskite-type phase, La0.8Sr0.2FeO3−δ, and carbon from the CP support. No 

significant changes were observed for the electrodes after cycling in agreement with electrochemical 

data presented in Figure 7a. 

Energy/keV 
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Energy/keV 

kkeV 
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(1) 

(2) 
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Energy/keV 
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Figure 10. X-ray diffraction patterns of CP/GDL/La0.8Sr0.2FeO3−δ after 140 cycles at (b) 

0.44 mA·cm
−2

 (c) 1.11 mA·cm
−2

 and (d) 2.25 mA·cm
−2

 between OER and ORR. Pattern 

of the powder before incorporation (a) is included for comparison. 

According to Bronoel et al. [48] La1−xSrxFeO3−δ compounds undergo reduction along with the 

reduction of oxygen. The results suggest that for higher current densities the reduction of the oxide 

may be predominant in the cathodic region. The formation of metallic -Fe substantially degrades 

the electrochemical activity and stability of the CP/GDL/La0.8Sr0.2FeO3−δ electrodes for the ORR.  

In summary, regarding the ORR (Figures 7b and 7c), an increase in applied current density lead 

to a gradual decay in the potential values associated to the perovskite degradation as confirmed by 

SEM/EDS and X-ray diffraction.  

One possible explanation for the oxide degradation is that during the cathodic semi-cycle, Fe
3+

 

ions in the perovskite lattice tend to be reduced to H eO2
 

 water soluble species [72], which are 

further reduced leading to the formation of metallic iron [73]. 

On the basis of this hypothesis, the degradation of the perovskite phase and the formation of -

Fe may be described by the following reduction reactions:  

 e           e   H eO2
 
  H2O        (1) 

H eO2
- 
  H2O   2e

-   e    OH -        (2) 

According to Karlson and Lindstrom [74] the perovskite degradation during the cathodic semi-

cycle is associated with the high anodic potentials reached during the oxygen evolution reaction. 

These authors observed that impregnating the perovskite oxide La0.5Sr0.5CoO3 with nickel was 

effective in lowering the OER potential, avoiding the high anodic potentials that lead to dissolution 

of the electrocatalyst.  
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4. Conclusions 

Gas diffusion electrodes CP/GDL/La0.8Sr0.2FeO3−δ were assembled from own synthesized 

perovskite and tested as oxygen bifunctional electrodes in alkaline medium. By comparing the 

kinetic data obtained for the OER and ORR with those referred in the literature for the same oxide 

composition it was concluded that the oxide preparation conditions/electrode configuration 

determine the electrode performance. SEM and XRD analysis indicated no apparent degradation of 

the catalyst layer, after 140 cycles under galvanostatic control for low current densities, namely  

0.44 mA·cm
−2
, exhibiting an electrochemical window of ≈770 mV. On the other hand a clear partial 

decomposition occurs during cycling at 2.45 mA·cm
−2

 with a slow metallization of the electrode, 

which limits the useful electrode life to c.d. <1.11 mA·cm
−2

. These observations suggest that, for 

high current densities, the oxide reduction may be predominant in the cathodic region, caused by the 

anodic oxide dissolution. In order to overcome this problem it is envisaged further studies of the 

prepared and characterized La0.8Sr0.2FeO3−δ perovskite oxide impregnated with Ni in the form of 

GDEs. Also considered is the progressive substitution of Fe by Ni in the perovskite oxide. 

Optimization of these options may bring about improved stability and enhance redox efficiency. 
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