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H I G H L I G H T S  

• Various redox-stable backbone materials were studied on protonic electrolytes. 
• Operation enabled alternating between air and non-oxidative hydrocarbon/H2-rich atmospheres. 
• Catalytically-adjusted electrodes for protonic cells very active under redox-cycling. 
• LSM/BCZY27+Pt/CeO2 showed the lowest Rp at 700 ◦C, i.e., 0.7 Ω cm2 in CH4/H2. 

A B S T R A C T   

Electrochemical reactors based on proton-conducting ceramic electrolytes show a great potential in the conversion of hydrocarbons by enabling the intensification 
via the in-situ extraction of the H2 produced. However, non-oxidative operation conditions lead to the progressive coke formation on the catalyst and electrodes and 
thus, an oxidative regeneration cycle is required to restore the catalyst activity. Consequently, newly redox-stable electrodes are required to enable operation under 
both non-oxidative H2-extraction and coke-oxidation conditions. Here, four composite materials were investigated as redox-stable electrode backbones for their 
integration in proton-conducting cells, composed by the proton conductor BaCe0.2Zr0.7Y0.1O3-δ (BCZY27) and La0.85Sr0.15FeO3 (LSF8515), La0.5Sr0.5FeO3 (LSF55), 
La0.84Sr0.16Cr0.5Mn0.5O3 (LSCM) or La0.8Sr0.2MnO3 (LSM). Chemical compatibility with the electrolyte and electrochemical performance were characterized in the 
range 500–800 ◦C. LSCM/BCZY27 and LSM/BCZY27 showed the best performance. The electrode activity was boosted by catalytically activating with Pt and CeO2 
nanoparticles while exhibiting outstanding stability upon redox cycling. LSM/BCZY27+Pt/CeO2 showed the lowest polarization resistance, i.e., achieving 0.7 Ω cm2 

at 700 ◦C in 10% CH4 and 9% H2 and 0.14 Ω cm2 in air, revealing a high potential as redox-stable electrode for non-oxidative hydrocarbon conversion in elec-
trochemical reactors.   

1. Introduction 

Interest about proton-conducting oxides has grown in the last years 
due to their potential applications such as fuel cells for energy conver-
sion and storage, electrolyzers for hydrogen production and electro-
chemical reactors. Process intensification and pure on-site hydrogen 
production using hydrogen-selective membranes have been highlighted 
in different studies [1–4]. Malerød-Fjeld et al. [5] used a BaZrO3-based 
proton-conducting electrolyte to demonstrate an electrochemically 
driven protonic methane reformer (PMR). Another key technology for 
CH4 is non-oxidative methane dehydroaromatization (MDA: 6CH4 ↔ 
C6H6 + 9H2), allowing exploitation of natural gas reserves by direct 
conversion into transportable liquids. Morejudo et al. [6] demonstrated 
BaZrO3-based protonic ceramic membrane as a promising alternative 

giving rise to high aromatic yields and improved catalyst stability 
compared to the conventional reactors [7–9]. Another important reac-
tion type related with the CH4 upgraded and dehydrogenation of olefins 
can be performed in this kind of reactors [3]. Some of these reactions are 
prone to produce coke that provokes the catalyst deactivation and loss of 
the electrode performance. Coke deactivation can be mitigated by 
re-oxidizing or burning-off the carbon depositions. For this purpose, the 
electrodes should be redox stable operating reversibly in both fuel and 
oxygen containing atmospheres. Redox-stable electrodes offer also the 
opportunity to work as a reversible electrochemical cell that can operate 
in both modes (1) pumping or electrolysis mode to convert the excess of 
electrical energy to chemical energy and (2) fuel cell mode to convert 
chemical energy to electricity, allowing the balance electricity demand 
and supply of intermittent renewable energy. Redox electrodes must 
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fulfil important requirements, i.e., (i) high electronic conductivity under 
both oxidizing and reducing atmospheres, (ii) high electrocatalytic ac-
tivity for the oxygen (OER and ORR) and the hydrogen (HER and HOR) 
evolution and reduction/oxidation reactions and (iii) negligible Ther-
mal Expansion Coefficients (TEC) change in a wide range of oxygen 
partial pressures to avoid delamination or cracks upon redox cycling. 

Only few studies related with redox-stable electrodes for protonic 
ceramic electrochemical cells (PCECs) can be found in literature. 
BaZr0.1Co0.4Fe0.4Y0.1O3-δ (BZCFY) has been proposed as redox-stable 
electrode, however, important polarization resistance was observed 
under reducing atmospheres due to the phase structure decomposition 
[10]. PrBaFe2O5+δ has been recently reported as a promising 
redox-stable electrode due to its redox-cycling stability (H2-air cycles) 
[11]. In addition, protonic cells symmetrically designed with (Nd,Ba) 
FeO3 electrodes showed operational effectiveness under both oxidizing 
and reducing conditions [12]. 

Most developments about reversible redox-stable electrodes have 
been performed in the frame of the reversible solid oxide electro-
chemical cells (ReSOECs). Main research on redox electrodes is based on 
materials such as Sr- and Ca-doped LaCrO3 perovskites and Mn-doped 
LaCrO3 based materials that exhibit high electrical conductivities in 
air [13–16]. A symmetrical cell with a La0.75Sr0.25Cr0.5Mn0.5O3-δ elec-
trode was developed to operate in both fuel cell and electrolysis modes 
by Bastidas et al. [17] demonstrating their efficiency and redox stability. 
Graves et al. [18] observed that the composite electrode LSM/YSZ (LSM: 
Sr-doped LaMnO3) can operate in reversible mode without suffering any 
degradation, in contrast with the degradation observed under constant 
electrolysis conditions. In previous works, compatibility of 
La0.8Sr0.2MnO3 (LSM), La0.6Sr0.4Co0.2Fe0.8O3− δ (LSCF) and Ba0.5Sr0.5-

Co0.8Fe0.2O3 − δ (BSCF) with the protonic material BCZY27 was 
demonstrated [19]. LSM and LSCF showed a promising performance as 
steam electrode. In addition, performance of the LSM electrode was 
further improved by catalytic infiltration [20,21]. In fact, during the last 
decade, many efforts were devoted to promote the catalytic activity of 
the electrodes while retaining the constituent materials properties with 
a wide range infiltration approaches [22–24]. Surface modification and 
catalytic activation by infiltration is meaningful for most applications 
inducing new ionic/electronic pathways on the electrodes surface and 

improving the overall catalytic processes, due to the larger surface area 
and increased number of reaction sites available originated by well 
disperse nanoparticles [20,25,26]. 

Based on the above investigations, our motivation was to explore 
different composite electrodes that can act as redox stable electrodes for 
CH4 conversion reactions in protonic ceramic electrochemical cells 
(PCECs). In this paper, we study the compatibility and electrochemical 
performance of four candidate electrodes composed by different 
perovskite materials with the protonic BaCe0.2Zr0.7Y0.1O3-δ (BCZY27) in 
H2 and CH4 atmospheres. After that, the best performing composites 
LSCM/BCZY27 and LSM/BCZY27 are catalytically activated by nano-
particles’ infiltration and study as redox-stable electrodes. The infil-
trated LSM/BCZY27 electrode with Pt and CeO2 shows the lowest 
polarization resistances and is redox stable in both oxidizing and 
reducing atmospheres. 

2. Experimental 

Redox-stable electrodes were fabricated by mixing four different 
perovskite phases with the proton conductor BaCe0.2Zr0.7Y0.1O3-δ 
(BCZY27). The selected four materials were: La0.85Sr0.15FeO3 
(LSF8515), La0.5Sr0.5FeO3 (LSF55), La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM) and 
La0.8Sr0.2MnO3 (LSM). The perovskite powders were prepared by 
different methods. LSF8515 and LSF55 were synthesized by complex-
ation–gelation processes followed by final controlled pyrolysis (Pechini 
method) and sintered at 1000 ◦C for 8 h. Commercial powders of LSCM 
(Marion technologies) and LSM (Marion technologies) were employed. 

The chemical compatibility of the abovementioned materials with 
50 vol % BCZY27 was studied by X-ray diffraction (XRD). Commercial 
BCZY27 powder (Cerpotech) was sintered at 1300 ◦C before the 
compatibility tests. Both phases (BCZY27 and the corresponding 
perovskite phase) were ball-milled with a final calcination step specif-
ically for LSF8515, LSF55 at 1000 ◦C and LSCM, and LSM at 1100 ◦C. 
XRD was performed in a CubiX FAST equipment using CuKα1,2 radiation 
and an X’Celerator detector in Bragg-Brentano geometry in the 2θ range 
from 20 to 70◦. The obtained XRD patterns were analyzed using X’Pert 
Highscore Plus software (PANalytical). 

The selected electrodes were prepared by mixing 50 vol % of each 

Fig. 1. XRD patterns to study the chemical compatibility of the composites: LSF8515/BCZY27 (a), LSF55/BCZY27 (b), LSCM/BCZY27 (c) and LSM/BCZY27 (d).  
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phase (BCZY27 as protonic phase and LSF8515, LSF55, LSCM or LSM as 
electronic phase). Symmetrical cells were fabricated by screen-printing 
the electrode inks onto both sides of BCZY27 dense electrolyte pellets 
with an electrode active area of 0.64 cm2. Inks were prepared by using 
terpineol and ethylcellulose in a three-roll mill. The sintering tempera-
ture of the electrodes was 1000 ◦C for LSF8515/BCZY27 and LSF55/ 
BCZY27 and 1100 ◦C for LSCM/BCZY27 and LSM/BCZY27. Gold paste 
was screen-printed as a mesh on top of the composite electrodes to 
ensure proper current collection. 

In addition, LSCM/BCZY27 and LSM/BCZY27 electrodes were infil-
trated with CeO2, Pt and Pt/CeO2 precursors to improve their catalytic 
activity. Solutions (ethanol-water) with adjusted surface tension were 
prepared, containing 0.15 M tetraammineplatinum (II) nitrate (Sigma 
Aldrich) and 2 M cerium (III) nitrate hexahydrate (Sigma Aldrich). The 
solution was dropped over the whole electrode surfaces and calcined at 
800 ◦C to obtain the respective oxides/metals (CeO2, Pt, and Pt/CeO2). 
In the case of the electrodes infiltrated with Pt/CeO2, first the Pt solution 
was dropped over the electrode followed by a thermal treatment at 
800 ◦C. Then, the Ce solution was dropped and the sample was calcined 
at 800 ◦C. 

The electrochemical performance and reversibility of the fabricated 
cells were evaluated by electrochemical impedance spectroscopy (EIS) 
with a Solartron Analytical 1470E CellTest System frequency response 
analyzer in the 0.03–10 Hz frequency range [6]. The sintered cells were 
placed in a quartz reactor between Pt meshes and tested in a tempera-
ture range between 800 ◦C and 500 ◦C and humidified (3% H2O) 
reducing atmospheres: (a) 50% H2-50% Ar and (b) 9% CH4-10% H2-81% 
Ar with a total flow rate of 50 mL min− 1 at each electrolyte side. 
Additionally, best performance materials were tested in humidified 
synthetic air and redox cycles (humidified synthetic air – humidified 
50% H2 in Ar). The three-wire configuration was used to analyze the EIS 
under the applied current (bias). By using this configuration, only one 
electrode contribution is measured enabling the study of the current 
density effect. The collected impedance data was analyzed and fit using 
the ZView software. 

The microstructure of the electrodes and the interface electrode- 

electrolyte was investigated by Field-emission scanning electron mi-
croscopy (FE-SEM) (Zeiss Ultra 55). Finally, the capability of forming 
coke was evaluated for BZCY, LSM and LSCM under CH4 and aromatics 
containing atmospheres. Powder materials were treated at 800 ◦C in 
pure CH4 saturated in toluene for 1 h. Subsequently, thermogravimetric 
(TGA) analysis was performed in synthetic air up to 1000 ◦C to quantify 
the carbonaceous deposits formed on the materials during the treatment. 

3. Results 

3.1. Chemical compatibility of the composite materials 

Composite electrodes were developed to enable thermal expansion 
coefficient (TEC) matching between the electrolyte and the electrode, as 
the four selected electrode materials have a higher TEC, ranging from 
9.3⋅10− 6 K− 1 for LSCM to 19.6⋅10− 6 K− 1 for LSF55 [27–29], than 
BCZY27 (8.76⋅10− 6 K− 1) [30]. 

Fig. 1 shows the XRD patterns of the single compounds (LSF8515, 
LSF55, LSCM, LSM and BCZY27) and the developed composites. 
LSF8515 and LSF55 were synthesized by Pechini and showed a perov-
skite structure with rhombohedral symmetry as observed in Fig. 1a and 
b. The composites LSF8515/BCZY27 and LSF55/BCZY27 showed 
compatibility of LSF8515 and LSF55 with BCZY27 as inferred by the 
XRD analysis, where no secondary phases are detected. For their fabri-
cation, LSF8515 and LSF55 (pre-sintered at 1000 ◦C) were mixed with 
BCZY27 and subsequently calcined at 1000 ◦C for 5 h. Also, LSCM and 
LSM commercial powders present a single perovskite structure as can be 
observed in Fig. 1c–e. For the composite LSCM/BCZY27, LSCM (pre- 
sintered at 1100 ◦C) was mixed with BCZY27 and calcined at 1100 ◦C for 
5 h. The XRD patterns showed only the two single perovskite phases 
related to both parent materials (Fig. 1c). The XRD pattern of LSM/ 
BCZY27 in Fig. 1d shows all peaks associated to either LSM or BCZY27 
while no secondary phases are detected. For the fabrication, LSM (sin-
tered at 1100 ◦C) was mixed with BCZY27 and fired at 1100 ◦C for 5 h. 

Fig. 2. Total polarization resistance for the composite electrodes LSF8515/BCZY27, LSF55/BCZY27, LSCM/BCZY27 and LSM/BCZY27 measured in symmetrical cells 
as a function of temperature under humidified atmospheres composed of 50% H2 in Ar (a) and 9% CH4 -10% H2 in Ar (b). SEM images of the composite electrodes 
LSF8515/BCZY27 (c), LSF55/BCZY27 (d), LSCM/BCZY27 (e) and LSM/BCZY27 (f) after the electrochemical measurements. 
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3.2. Electrochemical characterization of the redox composite candidates 

The electrochemical performance of the electrodes LSF8515/ 
BCZY27, LSF55/BCZY27, LSCM/BCZY27 and LSM/BCZY27 was studied 
in symmetrical cells by impedance spectroscopy (EIS) acquired in a 

temperature range between 800 ◦C and 500 ◦C under two different at-
mospheres: 50% H2-50% Ar and 9% CH4-10% H2-81% Ar, both satu-
rated in water at 25 ◦C (3% H2O). 

Fig. 2 shows the Arrhenius plot for the total polarization resistance 
(Rp) contribution as a function of the temperature of the electrodes in 

Fig. 3. EIS spectra (Nyquist and Bode plot) for the composite electrode LSCM/BCZY27 (a) and LSM/BCZY27 (b) at 700 ◦C measured under three different humidified 
atmospheres: 100% synthetic air (O2), 50% H2 in Ar (H2) and 9% CH4-10% H2 in Ar (CH

4 containing atmospheres). Ohmic resistances were subtracted for clarity reasons. 

Fig. 4. SEM cross-sectional images of the backbone LSCM/BCZY27 (a) and of LSCM/BCZY27 infiltrated with Pt/CeO2 (b,c). Total polarization resistance for the 
composite electrode LSCM/BCZY27 and LSCM/BCZY27 infiltrated with CeO2, Pt and Pt/CeO2 measured in symmetrical cells as a function of temperature under 
humidified synthetic air (d), 50% H2 in Ar (e) and 9% CH4-10% H2 in Ar (f). 
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the symmetrical cells. In both atmospheres, LSM/BCZY27 electrode 
presents the best performance, exhibiting a polarization resistance at 
700 ◦C of 3.27 Ω cm2 and 8.10 Ω cm2 in H2 and CH4–H2, respectively. 
The maximum temperature tested for LSM/BCZY27 was 700 ◦C since 
LSM presents redox instability at high temperatures whereas is stable in 
reducing atmospheres below 800 ◦C [31]. This low polarization resis-
tance could be related to the higher total conductivity of LSM under 
reducing atmospheres compared to LSCM, almost one order of magni-
tude higher [32]. The Rp values of LSF55/BCZY27 are lower than those 
of LSCM/BCZY27 at temperatures above 600–700 ◦C, whereas the latter 
presents better performance at lower temperatures due to its lower 
activation energy in both H2 and CH4–H2. The lowest performance is 
observed for LSF8515/BCZY27 in both tested atmospheres. The lower 
performance of LSF8515 compared to LSF55 agrees with previous 
studies reporting a maximum in the total conductivity of La1− xSrxFeO3− δ 
for a Sr-content of x = 0.5 [33]. 

The activation energies (Ea) of the La-ferrite based electrodes present 
a similar trend in both atmospheres. A higher value is observed than for 
LSCM/BCZY27 and LSM/BCZY27 in H2, while in CH4–H2 showed a two- 
fold behavior with a much higher Ea at higher temperatures, evidencing 
a change in the rate limiting step at 700 ◦C. LSCM/BCZY27 presents the 
lowest Ea values and similar in both atmospheres (0.81–0.96 eV) while 
for LSM/BCZY27 are between 1.22 and 1.29 eV. 

SEM cross-sectional images of the LSF8515/BCZY27, LSF55/ 
BCZY27, LSCM/BCZY27 and LSM/BCZY27 electrodes after the electro-
chemical measurements are shown in Fig. 2c–f to verify if degradation in 
the microstructure of the electrodes may occur after exposition to H2 and 
CH4 atmospheres. All the electrodes showed a similar morphology with 
particle sizes of ca. 100–500 nm and good interconnection between the 
two phases. No large coarsening or microstructural changes were 
observed regardless of the route followed to prepare the different 
perovskites. 

Mixed conducting Sr-doped LaFeO3 materials have been widely used 
as SOFC cathodes and as membrane materials for the partial oxidation of 
methane owing to the high electronic conduction, the stability in 
reducing atmospheres and the good electro-catalytic properties [34,35]. 
In this work, chemical compatibility with the protonic phase BCZY27 
was proved in an attempt to work as redox-stable electrodes in chemical 
reactions where coke is produced and catalysts should be regenerated. 
However, no further studies were made with La-ferrite composites 
(LSF8515/BCZY27 and LSF55/BCZY27) because both showed lower 
electrochemical performance in the reducing atmospheres than the 
other tested composites. 

LSM and LSCM-based composites presented the best performance 
among the tested electrodes and, therefore, they were selected for the 
redox stability studies. The symmetrical cells were further characterized 
by EIS under humidified synthetic air (O2 containing atmosphere) as shown 
Fig. 3a and b at 700 ◦C. Polarization resistance values of 10.41 Ω cm2 

and 1.85 Ω cm2 were obtained for LSCM/BZCY27 and LSM/BZCY27, 
respectively. 

The impedance spectra of the electrodes were fitted to the equivalent 
circuit LR0(RHFCPEHF)(RMFCPEMF)(RLFCPELF). The total polarization 
resistance of the cathodes was calculated by the sum Rp = RHF + RMF +

RLF. Typical impedance spectra (Nyquist and Bode plots) recorded at 
700 ◦C for LSCM/BCZY27 and LSM/BCZY27 are shown in Fig. 3a and b, 
respectively. From these graphs at least two different contributions can 
be distinguished. It seems that the contributions in the low and medium 
frequency range (LF + MF) with frequencies of 10 Hz and 100 Hz, 
respectively, and capacitances of 10− 1-10− 2 F/cm2, limit the perfor-
mance of the composite electrodes at 700 ◦C under both H2 and CH4 
containing atmospheres. LF and MF contributions can be related to 
elementary reactions at the electrodes surface, i.e. adsorption and 
dissociation of gas molecules (surface exchange kinetics). The contri-
bution at high frequencies (HF), above 1 kHz (C = 10− 6-10− 7 F/cm2), 
seems to be lower compared to the LF + MF contributions and inde-
pendent of the gas for LSCM/BCZY27, HF processes are usually 

associated to protonic and electronic losses at the electrode-electrolyte 
or the electrode-current collector interface. 

3.3. Electrocatalytic activation by infiltration and redox stability studies 

In order to improve the electrocatalytic performance of the best 
performing LSM and LSCM-based electrodes, infiltration was made with 
different electrocatalysts i.e. CeO2, Pt and Pt/CeO2. Fig. 4 shows cross- 
sectional SEM images of the LSCM/BCZY27 backbone (Fig. 4a) and 
Pt/CeO2 infiltrated LSCM/BCZY27 electrode layer (Fig. 4 b-c) after the 
electrochemical measurements. The CeO2 and Pt nanoparticles showed a 
round shape and sizes range from 20 to 40 nm. The porous electrode 
layers showed good attachment onto the BCZY27 electrolyte. The 
thickness of the electrodes was around 60 μm with infiltrated nano-
particles homogenously dispersed throughout the electrode surface and 
no coarsening was observed after the electrochemical characterization, 
including redox stability cycles. 

The effect of the catalyst infiltration on the performance was studied 
by EIS for both best performing cells LSCM/BCZY27/LSCM and LSM/ 
BCZY27/LSM, from 800 to 500 ◦C under O2, H2 and CH4 containing 
atmospheres, saturated in water at 25 ◦C (3% H2O). Fig. 4d–f shows the 
polarization resistance values obtained for the composite LSCM/ 
BCZY27 and LSCM/BCZY27 infiltrated with CeO2, Pt and Pt/CeO2 under 
the different tested conditions. The performance of all the infiltrated 
electrodes improved compared to the backbone LSCM/BCZY27 under all 
tested conditions. Particularly, LSCM/BCZY27 infiltrated with Pt/CeO2 
showed the lowest polarization resistance values of 1.59 and 3.69 Ω cm2 

at 700 ◦C under 50% H2 and 9% CH4-10% H2 in Ar, respectively, and 
LSCM/BCZY27 infiltrated with Pt showed the lowest Rp of 1.22 Ω cm2 at 
700 ◦C under synthetic air. The LSCM/BCZY27 backbone and infiltrated 
with Pt showed lower Rp values under oxidizing conditions, while the 
electrodes infiltrated with CeO2 and Pt/CeO2 showed higher electro-
chemical performance in reducing atmospheres. All the polarization 
resistance values at 700 ◦C and activation energies are shown in Table 1. 

The Pt-infiltrated LSCM/BCZY27 electrode presents the lowest acti-
vation energy (Ea) under H2 and CH4 atmospheres, and the highest Ea 
under synthetic air, when compared to the backbone and to the other 
infiltrated electrodes. Assuming that electrode backbones are identical, 
these changes can be correlated with the catalytic promotion with CeO2, 
Pt and Pt/CeO2 nanoparticles. 

Table 1 
Polarization resistance (Rp) and activation energy (Ea) at 700 ◦C of LSCM/ 
BCZY27, LSM/BCZY27 electrodes and LSCM/BCZY27, LSM/BCZY27 electrodes 
infiltrated with CeO2, Pt y Pt/CeO2 measured under humidified synthetic air, 
50% H2 in Ar and 9% CH4-10% H2 in Ar.   

Rp (Ω⋅cm2) a 700 ◦C Ea (eV) 

Air 50% 
H2 

9% CH4- 
10% H2 

Air 
High T 
(Low T) 

50% 
H2 

9% CH4- 
10% H2 

LSCM/ 
BCZY27 

10.41 49.22 58.79 1.53 
(1.06) 

0.91 0.98 

LSCM/ 
BCZY27 þ
CeO2 

9.56 3.94 6.38 1.25 1.11 1.26 

LSCM/ 
BCZY27 þ
Pt 

1.22 8.15 10.21 1.49 0.73 0.81 

LSCM/ 
BCZY27 þ
Pt/CeO2 

8.29 1.59 3.69 1.31 1.11 0.95 

LSM/BCZY27 1.85 3.51 8.10 1.17 1.22 1.29 
LSM/BCZY27 
þ CeO2 

0.53 1.58 2.48 1.55 
(1.20) 

1.30 1.51 

LSM/BCZY27 
þ Pt 

0.14 2.53 7.57 1.77 
(1.71) 

0.64 0.74 

LSM/BCZY27 
þ Pt/CeO2 

0.14 0.19 0.70 1.59 
(1.36) 

1.05 0.90  
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Representative cross-sectional SEM images of the LSM/BCZY27 
backbone and Pt/CeO2 infiltrated LSM/BCZY27 electrode layers are 
shown in Fig. 5a–c. The catalyst nanoparticles are homogeneously 
dispersed on the porous-backbone surface and no coarsening after 
testing under all operational conditions. 

Fig. 5d–f shows the polarization resistance values obtained for the 

LSM/BCZY27 backbone and LSM/BCZY27 infiltrated with CeO2, Pt and 
Pt/CeO2 in the different tested atmospheres. The electrochemical per-
formance of all the infiltrated electrodes improved compared to the 
LSM/BCZY27 without infiltration under all tested conditions, due to the 
larger surface area and the improved surface-reaction kinetics. In gen-
eral, better electrochemical performance is observed in an oxidizing 

Fig. 5. SEM cross-sectional images of the backbone LSM/BCZY27 (a) and of LSM/BCZY27 infiltrated with Pt/CeO2 (b,c). Total polarization resistance for the 
composite electrode LSM/BCZY27 (a) and LSM/BCZY27 infiltrated with CeO2, Pt and Pt/CeO2 measured in symmetrical cells as a function of temperature under 
humidified synthetic air (a), 50%H2 in Ar (b) and 9% CH4-10% H2 in Ar (c). 

Fig. 6. EIS spectra (Nyquist and Bode plot) for the composite electrodes LSCM/BCZY27 (a), LSM/BCZY27 (b) and LSCM/BCZY27, LSM/BCZY27 electrodes infiltrated 
with CeO2, Pt y Pt/CeO2 at 700 ◦C measured under humidified 50% H2 in Ar. Ohmic resistances were subtracted for clarity reasons. 
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atmosphere, which can be expected since LSM is the state-of-the-art 
cathode material for high temperature SOFCs [36]. It is well known 
that the oxygen vacancies concentrations are very low and thus, mixed 
conductivity contributes minimally to the performance of the electrodes. 

On the other hand, it should be outlined that very low polarization 
resistance values were measured for the LSM/BCZY27 infiltrated with 
Pt/CeO2, 0.19 Ω cm2 in 50% H2 and 0.70 Ω cm2 in 9% CH4-10% H2 in Ar 
at 700 ◦C, which can be attributed to an improved catalytic promotion if 
both catalysts are combined. Rp and Ea values for LSM/BCZY27 based 
electrodes at 700 ◦C are shown in Table 1. Regarding the activation 
energy, the Pt-infiltrated LSM/BCZY27 electrode presents the lowest 
values in H2 and CH4 atmospheres and the highest Ea in humidified 
synthetic air, if compared to the backbone, CeO2 and Pt/CeO2 infiltrated 
electrodes. 

Overall, the same trends were observed as for the infiltrated LSCM/ 
BCZY27 electrodes confirming the effect of the catalytic promotion of 
the different tested catalysts: (i) the addition of CeO2 resulted in an 
improved electrochemical performance; (ii) the addition of Pt affects 
positively the electrochemical performance, mostly in O2-containing 
atmospheres; and (iii) addition of Pt/CeO2 improves further the per-
formance, obtaining the lowest Rp values in both, H2 and CH4-contain-
ing atmospheres. 

Nyquist and Bode plots for the LSCM/BCZY27 and LSM/BCZY27 
backbones and the infiltrated electrodes are shown in Fig. 6a and b, 
respectively recorded at 700 ◦C in humidified 50% H2. The impedance 
spectra of these electrodes were fitted to an equivalent circuit with three 
RQ-elements. As previously mentioned, non-infiltrated electrodes are 
limited by the low-frequency processes, classically related to surface- 
reaction processes. Here, it can be observed how the catalyst infiltra-
tion with CeO2, Pt or Pt/CeO2 improves the performance of the elec-
trodes. More specifically, the LF + MF contributions decrease, which can 
be correlated to the increase in the number of active sites available for 

the electrochemical reaction to take place, through the surface disper-
sion of nanoparticles with higher intrinsic electrocatalytic activity. 

Fig. 7 shows the resistance contributions as deconvoluted from 
impedance spectra from the best performing electrode, namely LSM/ 
BCZY infiltrated with Pt/CeO2 and the backbone LSM/BCZY for com-
parison, under both H2- and CH4-containing atmospheres. The spectra 
were deconvoluted into three arc contributions and, thus, the resistance 
is named high frequency (HF) contribution if the associated capacitance 
is lower than ~5⋅10− 5 F/cm2 and low-medium frequency (LF + MF) 
contributions for the others. Regarding the effect of the atmosphere, the 
LSM/BCZY backbone shows smaller polarization resistance values and 
lower activation energies in humidified 50% H2 in Ar with a similar 
behaviour for both contributions, indicating a limitation of the LF + MF 
contribution, as the LF + MF values are larger than the HF ones. High- 
frequency capacitances are of 10− 7-10− 6 F/cm2 and low-medium fre-
quency capacitances of 10− 3-1 F/cm2. On the other hand, the infiltrated 
LSM/BCZY shows a decrease in both contributions together with a 
change in the activation energies. The introduction of Pt/CeO2 reduces 
the LF + MF contribution, which was limiting, and its activation energy, 
evidencing the surface-related nature of the LF + MF processes. 
Furthermore, the capacitance associated to the LF + MF contributions of 
the infiltrated electrodes is 10− 4-10− 2 F/cm2, demonstrating an 
enhancement of the surface steps and a faster surface exchange kinetics, 
since the processes are shifted to higher frequencies. The HF resistance 
of the infiltrated electrodes associated to the electrode-electrolyte 
interfacial processes (10− 7-10− 5 F/cm2), also decreases showing that 
the protonic transport at the interface also contributes to the overall 
electrode performance. 

The performance of the infiltrated electrodes under CH4-containing 
atmospheres (wet 9% CH4 and 10% H2 in Ar) at 700 ◦C was evaluated for 
24 h by continuously carrying out EIS measurements. The obtained 
polarization resistance values as a function of time are plotted in Fig. 8. 

Fig. 7. Contributions of the LF + MF and HF resistances of LSM/BCZY27 and LSM/BCZY27 electrodes infiltrated with Pt/CeO2 cells as a function of temperature 
under humidified 50% H2 in Ar (a) and 9% CH4-10% H2 in Ar (b). 

Fig. 8. Polarization resistance as a function of time for LSCM/BCZY27 (a), LSM/BCZY27 (b) and LSCM/BCZY27, LSM/BCZY27 electrodes infiltrated with CeO2, Pt y 
Pt/CeO2 at 700 ◦C measured under humidified 9% CH4 and 10% H2 in Ar. 
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No evidence of degradation in the electrodes was observed during this 
treatment. 

Fig. 9 shows the effect of the imposed current on the performance of 
the LSM/BCZY27 infiltrated with Pt/CeO2. Two different contributions 
(MF and HF) can be distinguished, with a significant decrease of the MF 
when the current was applied. The nearly constant HF indicates that the 
transport properties are preserved while the application of current 
density mostly affects the surface (gas-solid interface) processes. 

The capacitance associated with MF processes after modelling using 
the equivalent circuit LR0(RHFCPEHF)(RMFCPEMF) is around 10− 1 F/cm2. 

Fig. 10 shows nine consecutive redox cycles carried out changing 
from humidified synthetic air to humidified 50% H2 in Ar at 700 ◦C for 
the infiltrated composite electrodes LSCM/BCZY and LSM/BZCY. For 
LSCM based electrodes, it is seen that polarization losses are larger in 
oxidizing atmospheres if infiltrated with CeO2 and Pt/CeO2. In contrast, 
infiltrated LSM/BCZY showed lower losses in O2-containing atmo-
spheres. The largest difference between oxidizing and reducing atmo-
spheres is found if the electrodes are infiltrated with Pt. Overall, 

regenerative redox capacity and no degradation are observed for all the 
catalytic activated composite electrodes tested. The lowest polarization 
resistance values in both humidified O2- and H2-containing atmospheres 
and the lowest difference variation is achieved for the LSM/BZCY 
electrode infiltrated with Pt/CeO2, revealing promising properties as 
redox-stable electrodes. 

The post-mortem cells were structurally characterized by XRD and 
SEM after the electrochemical measurements in H2 and CH4 and the 
consecutive redox cycling. XRD patterns of the infiltrated LSCM/ 
BCZY27 and LSM/BCZY27 are shown in Fig. 11. Both porous infiltrated 
backbones present the corresponding phases of the infiltrated nano-
particles, either CeO2, Pt or Pt/CeO2, with no evidence of impurities or 
additional secondary phases. The presence of Au is due to the printed 
current-collector mesh. 

3.4. Chemical compatibility with CH4 and aromatics 

For application of these redox-stable electrodes in reactions such as 

Fig. 9. Effect of the imposed current on LSM/BCZY27 infiltrated with Pt/CeO2: Nyquist and Bode plots measured at 700 ◦C under humidified 9% CH4 and 10% H2 
in Ar. 

Fig. 10. Redox stability cycles (humidified synthetic air – humidified 50% H2 in Ar) at 700 ◦C for the infiltrated composite electrodes LSCM/BCZY27 and LSM/ 
BCZY27 with CeO2 (a), Pt (b) and Pt/CeO2 (c). 

Fig. 11. XRD of the composite backbone LSCM/BCZY27 infiltrated with CeO2, Pt and Pt/CeO2 (a) and LSM/BCZY27 infiltrated with CeO2, Pt and Pt/CeO2 (b), 
respectively, after the electrochemical testing. 
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MDA (methane dehydroaromatization) and SMR (steam methane 
reforming), electrodes should not promote the coke formation under 
atmospheres containing CH4, light olefins and/or aromatics. In order to 
study the potential coke formation, LSCM and LSM were treated in pure 
CH4 saturated in toluene at 800 ◦C for 1 h and after that, coke formation 
was evaluated by TGA measurements and DSC analysis under synthetic 
air (Fig. 12). Both materials present a mass gain followed by a weight 
loss at the same temperature range. The initial mass gain is ascribed to 
the oxidation of the materials, while the main mass loss is correlated 
with the coke formed during the treatment with CH4 and toluene. Thus, 
the quantification of the main mass loss (gC/gmat) is ascribed to the 
carbonaceous species (coke) formed on each material. In the case of 
LSCM 0.022 gC/gmat were formed whereas for LSM was 0.023 gC/gmat. It 
should be noted that all carbonaceous species are oxidized below 550 ◦C 
which is attributed to amorphous carbon, which implies an easier and 
quicker regeneration compared to filamentous carbon and graphite 
which require higher oxidation temperatures (>600 ◦C). 

4. Conclusions 

In this work, the chemical compatibility of four different perovskite 
materials (La0.85Sr0.15FeO3 (LSF8515), La0.5Sr0.5FeO3 (LSF55), 
La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM) and La0.8Sr0.2MnO3 (LSM)) with the 
protonic electrolyte material BaCe0.2Zr0.7Y0.1O3-δ (BCZY27) was stud-
ied. Microstructural and electrochemical properties of the composites 
revealed LSCM/BCZY27 and LSM/BCZY27 as the best performing elec-
trodes in both humidified H2 and CH4 atmospheres. Further electrode 
improvement of the electrochemical performance and stability upon 
redox cycling (humidified air – humidified H2) was achieved by infil-
tration of Pt, CeO2 and binary Pt/CeO2 nanoparticles. The best elec-
trochemical performance was obtained for the LSM/BCZY27 electrode 
infiltrated with the binary Pt/CeO2 revealing a synergetic effect between 
both components. In addition, the stability and coke formation of LSCM 
and LSM powders were investigated under atmospheres containing CH4 
and aromatics. Taking into account the excellent electrochemical per-
formance, redox-cyclability and stability over time, it can be concluded 
that the catalytically-activated LSCM and LSM are solid electrode can-
didates enabling electrochemically-promoted catalytic reactions 
involving non-oxidative hydrocarbon upgrading and redox-regenerative 
cycling. 
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