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Abstract: In the last decades, several works have been carried out on solid oxide fuel cell (SOFC) 17 
and solid oxide electrolysis cell (SOEC) technologies, as they are powerful and efficient devices for 18 
energy conversion and electrochemical storage. By increasing use of renewable sources, a 19 
discontinuous amount of electricity is indeed released and reliable storage systems represent the 20 
key feature in such a future energy scenario. In this context, systems based on reversible solid oxide 21 
cells (rSOC) are gaining increasing attention. An rSOC is an electrochemical device that can operate 22 
sequentially between discharging (SOFC mode) and charging (SOEC mode) then it is essential the 23 
electrodes to be able to guarantee high catalytic activity both in oxidation and reduction conditions. 24 
Ba0.5Sr0.5Co0.8Fe0.2O3-d (BSCF) has been widely recognised as one of the most promising electrode 25 
catalysts for the oxygen reduction reaction (ORR) in SOFC technology, because of its astonishing 26 
content of oxygen vacancies, even at room temperature. The purpose of this study is the 27 
development of BSCF to be used as anode material in electrolysis mode, maintaining enhanced 28 
energy and power density. Impregnation with La0.8Sr0.2MnO3 (LSM) discrete nanolayer is applied to 29 
pursue a structural stability, resulting in a long life time reliability. Impedance spectroscopy 30 
measurements under anodic overpotential conditions is run to test BSCF and LSM-BSCF activity as 31 
electrode in oxidation mode. The observed results suggest that BSCF is a very promising candidate 32 
as oxygen electrode in rSOC systems.  33 

Keywords: BSCF; SOEC; SOFC; rSOC; anodic overpotential; impedance spectroscopy. 34 
 35 

1. Introduction 36 
The increasing penetration of renewable energy sources in the power market, guided by new 37 

energy policies to address the climate change, poses new challenges that need to be tackled [1]. The 38 
intermittent nature of wind and solar power requires the development of large-scale energy storage 39 
as a key to improve the flexibility of the electric grid. Electrical energy storage (EES) is envisioned as 40 
the key factor to boost the development of advanced grid-energy management systems [2,3]. In this 41 
context, systems based on reversible solid oxide cells (rSOC) are gaining increasing attention and 42 
interest. An rSOC is an electrochemical device that can operate in both power producing (Solid Oxide 43 
Fuel Cells, SOFC) and energy storage (Solid Oxide Electrolysis Cells, SOEC) modes. The system 44 
operates sequentially between discharging (SOFC) and charging (SOEC) modes [4-9]. 45 
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Electrochemical reactions can be based on either H-O or H-O-C elemental systems. In H-O systems 46 
only hydrogen, water and oxygen are involved while in H-O-C ones also hydrocarbons participate 47 
in reactions. SOFC converts hydrogen-rich fuels into electricity and heat [10]. On the other side, the 48 
electricity supplied to SOEC leads to the conversion of H2O and CO2 into a syngas usually containing 49 
H2 and CO [11]. Water electrolysis can also be performed by either alkaline or proton exchange 50 
membrane electrolysers. The most commercial electrolysers up to date belong to the alkaline series 51 
with sizes ranging from 0.6 to 125 MW of produced H2 [5,12]. However, the operating voltage for 52 
splitting an H2O molecule can be significantly reduced at high temperature. For this reason, SOEC 53 
can represent an attractive and effective solution, with an operative temperature in the intermediate 54 
range (500–650 °C) which appears as the optimum trade–off between durability and efficiency [13].   55 

A typical rSOC is constituted by a solid electrolyte sandwiched between two porous electrodes. 56 
Among most commonly used materials for the electrolyte, fluorite-structured RE-doped ceria is 57 
considered the best candidate to operate SOC at the targeted operative temperatures [14-16]. Various 58 
oxides with perovskite [17-20], double perovskite [21-23] and Ruddlesden–Popper (RP) [24-26] 59 
structure showing suitable mixed ionic-electronic conductivity and/or electrocatalytic activity have 60 
been proposed for SOFC and SOEC electrodes layers. 61 

 Depending on the operating mode, each electrode can be the location where oxidation or 62 
reduction takes place. Global losses in such systems are related to the losses due to each component 63 
and it is widely proved that losses due to electrode processes can be lowered by an optimization of 64 
their microstructure, in terms of capability of gas exchange with gas phase as well as of ions 65 
migration. Among different strategies that have been pursued to improve the long-lasting time 66 
operation (durability), the infiltration of porous electrodes by discrete or continuous thin layers have 67 
been shown to be one of the most efficient. Main advantages of infiltration are: i) the electrode is 68 
fabricated by a two-steps deposition process, i.e. firstly a supporting porous backbone is deposited 69 
and sintered to get strong adhesion with the electrolyte, then the catalytic layer can be deposited and 70 
sintered at a lower temperature to keep optimal microstructure; ii) different coupling of 71 
backbone/catalyst can be used, since some fundamental parameters, such as TEC mismatch or 72 
chemical interactions can be minimized [27-29].   73 

In literature it was already affirmed that BSCF material displays better performance under 74 
anodic polarization, suggesting that this material could be successfully used in a reversible 75 
SOFC−SOEC systems [30]. Moreover, the authors have already experienced the positive effect of 76 
LSM–infiltrated nano-sized layer on porous backbones, used in oxygen reduction conditions, finding 77 
that infiltration resulted in improved activity performance as well as durability [31]. 78 

In this study, a similar approach is carried out, to investigate the influence of LSM-infiltration 79 
on BSCF porous electrode, to test its catalytic activity in water reduction conditions, and evaluate 80 
BSCF-based material as possible electrode at the air side of rSOC.  81 

2. Materials and Methods  82 
The shape of the electrolyte support must respect appropriate geometric criteria. Namely, the 83 

distance between the reference electrode (RE) and working electrode (WE) should be at least three-84 
times the electrolyte thickness, in order to avoid artefacts formation in impedance experimental 85 
spectra [17,32]. According to the relative shrinkage value obtained from previous sintering 86 
experience (22%), a weight of Ce0.8Sm0.2O2-d (SDC20) electrolyte powder equal to 2.4 g was uniaxially 87 
pressed at 37 MPa, to obtain electrolyte supports. The green pellets were sintered at 1500 °C for 5 h, 88 
obtaining sintered discs of 20 mm in diameter and 1.1 mm in thickness. Before the electrode 89 
deposition, the SDC discs were sanded down (P320 SiC paper) for obtaining a rough surface reliable 90 
for an easy adhesion of the BSCF electrode to the electrolyte layer.   91 

A mixture of graphite (KS6, TIMCAL TIMREX®) and BSCF (Treibacher) powders, according to 92 
the 60/40 v/v% composition, was ball milled for 40 h at 40 rpm in distilled water, at R.T. and 93 
employing zirconia balls (Tosoh) as mixing bodies. This volume concentration was chosen in order 94 
to have a proper porosity resulting in an easy evacuation of the oxygen gas phase. After the mixing, 95 
a freeze-drying procedure was applied (24 h, at -52 °C and 22 Pa) and, finally, after sieving, the BSCF 96 
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powder was ready to be deposited. Alpha-terpineol (Sigma-Aldrich, >96%) was added to the powder 97 
(BSCF-graphite) in a mortar to obtain a mixture suitable for deposition. By applying an appropriate 98 
tape mask, a WE and a counter electrode (CE) were slurry coated on the sides of the SDC pellets. A 99 
RE, used for the three–electrode impedance measurements, was applied around the WE. The 100 
geometry is described in detail elsewhere [33]. The electrodes were co-sintered at 1100 °C for 1 h. 101 
After the sintering process geometric area for both the WE and the CE was 0.28 cm2.  102 

For the infiltration of porous BSCF electrode backbone, an aqueous solution of hydrated nitrates, 103 
namely La(NO3)•2H2O, Sr(NO3)2 and Mn(NO3)3•xH2O, with x = 4 or 6, was prepared. In order to 104 
estimate the actual cation concentration in precursors, a gravimetric titration of above-mentioned 105 
nitrates was carried out. About 5 g of each precursor were weighted out in a clean and dry Pt crucible 106 
and heated up to 900 °C for 2h, in order to allow for the formation of oxides, i.e. La2O3, SrO and Mn3O4. 107 

The impregnating solution was prepared by adding stoichiometric amounts of hydrated 108 
nitrates, reported in Table 1, to 50 ml of water, in order to obtain a concentration of 0.6 mol l-1. Glycine 109 
and polyvinylpyrrolidone (PVP) were added, respectively, as a chelating agent and as a surfactant 110 
(see Table 1) and the solution was heated at 200 °C under stirring for 10 min to completely dissolve 111 
the components. Impregnation was carried out by using different amounts of the nitrate solution, in 112 
the range 1.5 - 6 µl, either as-prepared or diluted. The samples tested in this work were impregnated 113 
with 1.5 µl of a solution with a concentration of 0.06 mol l-1. In order to eliminate air in the pores, 114 
infiltrated samples were placed under a vacuum at 94 Pa for 2 min. The infiltrated cells (both in the 115 
WE and the CE), were finally heated at 800 °C for 3 h, with a 1 h dwelling step at 300 °C. 116 

LSM-BSCF/SDC/LSM-BSCF half-cells (with a RE) were tested inside a ProboStat setup system 117 
(NorECs). Two Pt nets were placed on the surface of each electrode as current collectors. 118 
Electrochemical impedance spectroscopy (EIS) measurements were carried out through a Solartron 119 
Analytical potentiostat (SI 1286) coupled with a frequency response analyzer (SI 1255), and the 120 
ZPLOT software (Scribner Associates). Impedance tests were run between 475 and 650 °C, in a 121 
frequency range 104–10-2 Hz. An amplitude varying between 5 and 20 mV was applied, according to 122 
the system response. Measurements were performed at open circuit voltage (OCV) conditions as well 123 
as under anodic overpotential load, up to +0.2 V. An N2/O2 = 80/20 v/v% mixture was fed at both sides 124 
of the cell, corresponding to a flow of 40 Nml min-1 and 10 Nml min-1 of N2 and O2, respectively. To 125 
test the system durability, a 48-h long-lasting test was run under an anodic potential of +0.150 V, 126 
extracting an OCV impedance test every 6 hours. 127 

To investigate the morphology and the adhesion between the layers an observation was 128 
performed by scanning electron microscopy (SEM, Phenom Pro-X) equipped with EDXS (Bruker) on 129 
the as-sintered and tested samples, in order to check the distribution of LSM on the top and cross the 130 
section of the BSCF electrode. 131 

  132 

Table 1. Composition of La0.8Sr0.2MnO3-d-infiltrated layer. 133 

La(NO3)2•2H2O Sr(NO3)2 
Mn(NO3)3• 

xH2O 
Glycine  PVP 

10.477 g 0.622 g 7.289 g 2.468 g 1 1.158 g 2  
1 1/4 of the total molar amount of starting nitrates; 2 0.05 wt% of LSM amount. 134 

 135 

3. Results and discussion  136 

3.1. Microstructural  137 
In Fig. 1 the surface SEM images of the pristine BSCF and the 1.5 µl, 0.06 mol l-1 LSM-infiltrated 138 

electrode are reported, before and after the electrochemical characterisation. In the following, the 139 
LSM-infiltrated BSCF will be named just LSM-BSCF electrode.  140 

 141 
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 142 
Figure 1.  Surface SEM images of pristine BSCF (a, c) and of LSM-BSCF (b, d) electrodes before (top 143 
images) and after (bottom images) the electrochemical testing. Inset in (c) shows an improved view 144 
of spot-shaped phase. BSCF backbones were sintered at 1100 °C for 1 h. 145 

After the sintering process at 1100 °C the electrodes showed a homogeneous structure, with open 146 
porosity and an appreciable coarsening of the grains, resulting in the formation of a good 147 
interconnected ceramic network (see Fig. 1). 148 

By comparison of the images obtained before (Fig 1. (a) and (c)) and after the electrochemical 149 
testing (Fig. 1 (c) and (d), no apparent modification of the porous structure appeared. By contrast, 150 
transformations in the surface structure were evident for both electrodes after the electrochemical 151 
investigation. On the surface of the blank BSCF electrode a spot-shaped minor phase appeared (Fig. 152 
1 (c)); likewise previous findings [31], it was supposed that this phase could result from the 153 
aggregation, during testing time between 475 and 650 °C, of the distributed phase before present on 154 
the BSCF starting electrode surface (see Fig. 1 (a) and (c), red arrows). Concerning the infiltrated 155 
electrode, the LSM infiltrated layer was obtained as a continuous layer (Fig. 1 (b)) and, after the 156 
testing, it showed in turn a structural modification (see Fig. (d)). Sono deficiente ma non ho fatto l’analisi 157 
in quelle zone della Figura (d) che appaiono diverse dopo il testing. E non so come giustificarle… Nel caso non 158 
so se sono ancora in tempo per un’analisi: domani e dopodomani ho esami tutto il giorno. 159 

Figure 2 shows a SEM surface image of the LSM-infiltrated layer and the corresponding atomic 160 
concentration obtained through a map elemental analysis. Further EDXS observations performed 161 
through the cross-section of the infiltrated electrode, confirmed the penetration of the LSM layer up 162 
to the electrode/electrolyte interface.  163 

 164 
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(a) 

Element 
Number 

Element 
Symbol 

Element 
Name 

Atomic 
Conc. 

Weight 
Conc. 

8 O Oxygen 45.59 12.91 
27 Co Cobalt 19.23 20.06 
56 Ba Barium 16.89 41.05 
38 Sr Strontium 10.19 15.81 
26 Fe Iron 4.74 4.68 
25 Mn Manganese 1.88 1.83 
57 La Lanthanum 1.48 3.65 
      (b) 

Figure 2. SEM-EDXS of LSM-BSCF infiltrated electrodes (before testing). Surface SEM image (a) with 165 
corresponding atomic concentration obtained through a map elemental analysis (b). 166 

3.2. Electrochemical 167 

Fig. 3 reports t an optical image (a) of the partial side of SDC electrolyte with the slurry coated WE 168 
and RE, awhile the geometry features of the three-electrode configuration (b) are reported in Figure 169 
3 (b). The measurements were performed using a RE in order to have accurate control of the WE 170 
potential, especially when an overpotential was applied. 171 

 172 

 
(a)  

(b) 

Figure 3. Image of the WE and RE on the SDC20 electrolyte (a); Probostat rig containing the 
sample to be tested (b).  

 
(a) 

 
(b) 
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Figure 3. Image of the WE and RE on the SDC20 electrolyte (a); drawing of the three-electrode 
cell configuration (b).  

First impedance measurements were carried out at OCV, then tests were run by applying an anodic 173 
overpotential, up to +0.2 V.  174 

In Fig. 4 impedance spectra of blank BSCF (Fig. 4 (a)) and LSM-BSCF (Fig. 4 (b)) are shown. It is 175 
evident that the values of polarisation resistance (Rp), extracted as the difference between the low and 176 
high frequency intercepts with the real axys, are larger for the infiltrated electrodes than for pristine 177 
BSCF. At OCV and 650°C, the value of the area specific resistance (ASR) was 0.121 W cm2 for the blank 178 
electrode and 0.148 W cm2 for the infiltrated one. These results agree with other works, dealing with 179 
both blank and LSM-infiltrated electrodes [34-36]. Anyway, the polarisation resistance values 180 
obtained for the blank BSCF and LSM-BSCF infiltrated electrode are in contrast with previuos 181 
findings obtained by the authors on aLSM-infiltrated BSCF electrode. In that case [31], the LSM 182 
infiltration had a positive effect in terms of Rp at OCV. The reason of this discrepancy is likely due to 183 
the different morphology of LSM infiltrated layer. In the previous work we dealt indeed with a nano-184 
sized discrete layer, resulting in increased electrode-gas surface exchance area and consequent 185 
improved electrode activity; in this study a continuous LSM layer was obtained, whose exchange 186 
properties with the gas phase are very different from those of the nano-distributed one. 187 

 188 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Impedance spectra at OCV between 500 and 650 °C of the blank BSCF (a) and infiltrated 189 
LSM-BSCF (b) electrode. Impedance spectra under anodic overpotential (h up to +0.150 V) for pristine 190 
BSCF (c) and LSM-BSCF infiltrated (d) electrode. Temperature conditions for (c) and (d): 475 °C. In 191 
every case SDC20 constitutes the electrolyte support. Measurements were performed in three-192 
electrode configuration, using the ring-shaped RE. 193 
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Considering the effect of anodic overpotential (Fig. 4 (c) and (d)), it has a positive effect in terms 194 
of Rp values, both in case of blank and infiltrated samples. It was already found in previous study 195 
that cathodic overpotential had on the contrary a negative influence on the electrocatalytic 196 
performance of BSCF-based electrodes [17]. The positive effect of anodic overpotential was further 197 
confirmed through a sweep voltammetry measurement. Although not reported in the paper, the 198 
current density measured under anodic overpotential was slighly higher than that under cathodic 199 
overpotential, indicating a higher activity in anodic conditions (namely, when the electrode is 200 
involved as anode in electrolysis mode of operation). 201 

Anyway, the presence of LSM did not improve the trend of impedance when h was increased. 202 
At the temperature of 475 °C, Rp at OCV was 1.37 W cm2 for LSM-BSCF, while decreased until 1.06 W 203 
cm2 for the blank electrode. For the latter, an ASR decrease of 22 % was observed under increasing 204 
anodic overpotential; the LSM-BSCF displayed an 18.6 % decrease between OCV and +0.100 V, 205 
becoming 28.5 % between OCV and +0.150 V. Unfortunately, beyond +0.1 and +0.15 V overpotential 206 
applied to the blank and infiltrated, respectively, electrodes were destroyed, appearing the infiltrated 207 
one more resistant.  208 

In Fig. 5 the inverse of polarisation resistance (1/Rp) is reported as a function of temperature. An 209 
Arrhenius-like behaviour allowed for obtaining the values of apparent activation energy (Ea) for both 210 
the systems: 81 and 106 kJ mol-1 for blank BSCF and LSM-BSCF, respectively. These activation energy 211 
values concern the activity during the dynamic equilibrium state at OCV. Anyway, it has been proven 212 
in the literature that LSM activity drops under anodic conditions [37] and, actually, the impedance 213 
spectra extracted under anodic overpotential conditions confirm that the presence of the LSM hinders 214 
the activity of the electrode (see Fig. 4 (c) and (d)). Despite this detrimental effct due to LSM, the 215 
increase in the catalytic activity of the BSCF was confirmed when a net anodic current flows through 216 
the cell. As observable in Fig. 4 (d), the LSM hindering effect was not able to counterbalance the 217 
enhanced activity of BSCF. Moreover, LSM infiltrated layer resulted in a positive effect on the long-218 
lasting performance of the SDC/LSM-BSCF system. In previous work, it was found out that LSM 219 
contributed to maintain the polarisation stability of BSCF electrode, likely because of a positive 220 
influence on the electrochemical potential gradient at the interface LSM/BSCF, being this stabilising 221 
effect indeed also observed for LSCF-based and other electrodes [14,17].  222 

An anodic load of 0.150 V was run for 48 h at 600 °C and an impedance test was performed every 223 
6 h. The result is shown in Fig. 5. It is observed that the activity behaviour, in terms of polarisation 224 
resistance, is stable for the duration of the test. During the voltage load, a current of 14 mA cm2 was 225 
observed at 600 °C. This value should be certainly improved, but optimisation of the electrode 226 
morphology and performance under different gas partial pressures will be the subject of further 227 
investigations. 228 

 229 

 
(a)  

(b) 

Figure 5. (a) Trend of the inverse of polarisation resistance (Rp) vs temperature, for blank BSCF and 230 
LSM-infiltrated BSCF. The values shown are the apparent activation energy from the linear 231 
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regression; (b) impedance spectra obtained for the LSM-BSCF electrode every 6 h, at OCV, during the 232 
anodic current load of +0.150 V for 48 h at 600 °C.  233 

4. Conclusions 234 
In this study blank BSCF and LSM-infiltrated BSCF electrodes are analysed, in view to be used 235 

as possible anode electrodes in solid state electrolysis (SOEC) devices. Electrochemical impedance 236 
spectroscopy investigation, coupled with ageing test at +0.15 V current load, was performed on a 237 
three-electrode system with SDC20 electrolyte.  238 

It was found that polarization resistance decreases in both systems when an increasing anodic 239 
current load is applied. The blank BSCF electrode shows lower resistance (Rp) than the infiltrated one, 240 
then it appears that LSM does not give the chance to improve performance. This is possibly due to 241 
detrimental effect of the continuous LSM layer, covering most of the BSCF backbone. An LSM nano-242 
sized discrete layer could result in increasing the surface exchange area, without subtracting 243 
appreciable BSCF surface and consequently making faster the gas-electrode activity. This was 244 
actually found out previously by the authors. 245 

On the other hand, the LSM layer had a positive effect on the impedance stability, since no sign 246 
of degradation appeared in the first 48 h under a voltage load of +0.150 V. Performance degradation 247 
in the first 100 h of operation is one of the major problems to be faced in SOFC/SOEC devices and 248 
LSM infiltration demonstrated to be a promising approach in overcoming this issue. Further attempts 249 
have to be actually carried out in order to find the optimized parameters for a nano-sized discrete 250 
layer of LSM to be deposited. Most important, it was confirmed that BSCF-based electrodes are a very 251 
promising candidates to be used as oxygen electrodes in rSOC.  252 
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