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emissions for the environment. Technolo-
gies such as fuel cells efficiently convert 
the chemical energy into electricity, thus 
becoming suitable candidates to achieve 
such transition.[1,2] In particular, solid oxide 
fuel cells (SOFCs) are of great interest for 
energy conversion due to their robustness, 
entirely solid structure and flexibility to use 
a wide variety of fuels, such as hydrogen, 
natural gas, and other gasified renew-
able biofuels.[3,4] In addition, they can also 
operate in reverse mode as solid oxide elec-
trolysis cells (SOECs) to convert electricity 
back into chemical energy when needed.[5]

Nowadays, the main applications of 
SOFCs are related to medium and large sta-
tionary power generation plants, while their 
presence in portable devices and transpor-
tation is still limited.[6,7] One of the main 
reasons for that is their high operating tem-
peratures (>800 °C) which, despite allowing 
high fuel conversion efficiencies, lead 
to accelerated material degradation and 
thereby shortening the cell lifetime. For 

that reason, an increasing research interest has grown around 
intermediate temperature SOFCs (IT-SOFCs), operating between 
600 and 800 °C.[8] In this temperature range, the cell perfor-
mance is mainly limited by the air electrode due its low kinetics 
toward the oxygen reduction reaction (ORR).[9] This is the case 
for the conventional air electrode material La0.8Sr0.2MnO3-δ 
(LSM), which exhibits poor electrocatalytic activity for ORR below 
800 °C.[10] Since the ionic conductivity of LSM is extremely low  
(4 ×  10–8 S cm–1 at 900 °C),[11] the electrochemical reaction sites 
for ORR are limited to the triple phase boundary (TPB) region 
close to the electrode/electrolyte interface.

In this context, mixed ionic-electronic conductors (MIECs) 
with better electrochemical properties have been developed as 
air electrodes in the last few years, e.g. La0.8Sr0.2Co0.2Fe0.8O3-δ 
(LSCF), Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), or PrBaCo2O5+δ.[12] 
However, they suffer from several drawbacks, such as high 
thermal expansion coefficients, phase instability or phase seg-
regation on the electrode surface.[13] For this reason, LSM is 
still considered an appropriate cathode for SOFC construction, 
despite its poorer performance at intermediate temperatures.

Numerous strategies have been proposed to improve the 
performance of LSM by increasing the TPB region for ORR: 
i) the use of composite electrodes by combining LSM with dif-
ferent oxide ion conductors, such as Zr0.84Y0.16O1.92 (YSZ) and 

The use of active layers is a promising strategy to improve the properties of air 
electrodes for solid oxide fuel cells (SOFCs). In this work, La0.8Sr0.2MnO3-δ is 
combined with different oxide ion conductors Ce0.9Gd0.1O1.95, Bi1.5Y0.5O3 and  
Pr6O11 to form highly efficient nanocomposite active layers in a single step 
by spray-pyrolysis deposition. One of the main advantages of these nano-
composite layers is that the nanoscale microstructure is retained at relatively 
high sintering temperatures. As a consequence, the interfacial area between 
the electrode and the electrolyte increases significantly, leading to fast oxide 
ion transport at the interface, as well as more active sites for the electro-
chemical reactions. An exhaustive structural, microstructural, and electro-
chemical characterization of the layers are performed to evaluate their potential 
use in SOFCs. The incorporation of a La0.8Sr0.2MnO3-δ-Ce0.9Gd0.1O1.95  
(LSM-CGO) interlayer decreases the polarization resistance of LSM cathode 
from 1.71 to 0.46 Ω cm2 at 700 °C. Moreover, a single cell with LSM-CGO 
interlayer generates a peak power density of 1.20 W cm–2 at 800 °C compared 
to 0.79 W cm–2 for the same cell without active layer. These results dem-
onstrate the great benefits of using nanocomposite layers to improve the 
properties of air electrodes.
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1. Introduction

Within the current energy scenario, there is a strong willingness to 
transit toward a sustainable energy production, involving renew-
able sources and clean conversion processes with no harmful 
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Ce0.9Gd0.1O1.95 (CGO);[11,14] ii) the use of nanostructured elec-
trodes prepared by wet infiltration or spray-pyrolysis deposi-
tion;[15–17] and iii) the introduction of a thin active interlayer 
between the porous electrode and the dense electrolyte to 
enhance the charge transfer and reaction kinetics at the elec-
trode/electrolyte interface.[18–21]

In particular, the active layers need to be sufficiently thin and 
dense, as well as having high mixed ionic-electronic conduc-
tivity to avoid additional ohmic losses to the cell. Most of the 
active layers reported in the literature are obtained by screen-
printing deposition, which requires high sintering tempera-
ture to obtain a good adherence to the electrolyte.[22,23] Such 
conditions lead to highly porous layers with large grain size, 
and poor mechanical stability, as well as possible undesired 
chemical reactions at the electrode/electrolyte interface with the 
consequent performance degradation.[24] For these reasons, dif-
ferent synthetic techniques have been proposed to obtain dense 
and thin active interlayers, such as pulsed laser deposition 
(PLD), magnetron-sputtering, and spray-pyrolysis.[25–27] Among 
them, spray-pyrolysis offers several advantages due to its sim-
plicity, low cost, low deposition temperature, and scalability.[25] 
Some recent active layers prepared by spray-pyrolysis, such as  
La0.6Sr0.4Co0.2Fe0.8O3-δ, Sm0.5Sr0.5CoO3-δ, La0.6Sr0.4CoO3-δ, Pr6O11,  
Bi1.5Y0.5O3, Ce0.8Pr0.2O2-δ, LaNi0.6Fe0.4O3-δ, and Pr2NiO4+δ, have 
demonstrated to boost the electrochemical performance of air 
electrodes.[28–33] For instance, the polarization resistance of the 
SrFe0.9Mo0.1O3-δ cathode in contact with a Ce0.8Pr0.2O2-δ inter-
layer decreased from 0.35 to 0.12 Ω cm2 at 700 °C.[30] Kamecki et al.  
lowered the polarization resistance of La0.6Sr0.4Co0.2Fe0.8O3-δ 
electrode from 0.51 to 0.11 Ω cm2 at 600 °C after introduction of 
an active layer of Sm0.5Sr0.5CoO3-δ.[33]

However, one of the main drawbacks of these active layers 
is the grain growth after sintering the electrodes at high tem-
peratures (950–1100 °C), which negatively affects both the elec-
trical and mechanical properties. Nevertheless, this issue may 
be overcome by using nanocomposite layers, chosen adequate 
components, in which the nanoscale contact between multiple 

phases inhibits grain growth and limits thermal expansion, thus 
improving the mechanical and electrochemical properties of the 
active layers by tailoring the electrode/electrolyte interface.[34,35]

In this study, it is proposed for first time the use of nano-
composite active layers by combining the LSM perovskite with 
different oxide ion or mixed conductors with fluorite-type struc-
ture, that is, Ce0.9Gd0.1O1.95 (CGO), Bi1.5Y0.5O3 (BYO) and Pr6O11 
(Pr). The structure, microstructure and electrochemical proper-
ties of these nanocomposite layers, deposited by spray-pyrolysis 
in contact with LSM air electrode, are investigated by a wide 
variety of techniques to evaluate their potential application in 
SOFCs.

2. Results and Discussion

2.1. Phase Analysis

The nanocomposite layers were first deposited by spray-
pyrolysis onto amorphous quartz wafers at 450 °C for a better 
structural analysis and to avoid diffraction peak overlapping 
with the polycrystalline YSZ substrate. The corresponding XRD 
patterns are displayed in Figure 1a. For comparison purposes, 
the XRD patterns of LSM, Pr6O11 and CGO layers, obtained 
under identical preparation conditions, are also included. All 
layers are crystalline without any additional diffraction peak, 
attributed to secondary phases, after calcining at 800 °C. LSM 
crystallizes with a rhombohedral perovskite-type structure, 
whiles CGO and Pr6O11 are cubic fluorite phases, with pre-
ferred orientation growth along the (200) plane for Pr6O11.

The nanocomposite layers are unequivocally formed by two 
crystalline phases with perovskite and fluorite-type structures. 
It has to be also noted that pure BYO layers are not obtained 
onto quartz due to reactivity with the substrate after sintering 
at 800 °C, showing a mixture of α- and β- polymorphs, as well 
as Bi2SiO5 as a reaction product. In contrast, BYO layers depos-
ited onto YSZ pellets are single cubic fluorite compounds at 

Figure 1. XRD diffraction patterns of the layers deposited by spray-pyrolysis on a) quartz wafers and sintered at 800 °C and on b) YSZ pellets and 
sintered 1000 °C.
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800 °C. For the rest of nanocomposite layers, similar results are 
obtained on both quartz and YSZ substrates (Figure 1a,b).

The XRD patterns were analyzed by the Rietveld method to 
gain deeper insights into the composition and crystal structure 
of the nanocomposite layers. The LSM perovskite was refined 
in the rhombohedral R c3  space group, while the fluorite phases 
(CGO, BYO and Pr6O11) were fitted in the cubic fluorite Fm m3  
space group. Figure S1, Supporting Information shows some 
representative Rietveld plots for the single and biphasic layers, 
and the most relevant structural parameters are summarized in 
Table S1, Supporting Information.

The Rwp agreement factor take values in the range of  
2.4–8.7%, suggesting a good fitting of the experimental data. The 
unit cell volume of the single phase layers has values of 350.48, 
159.20, 163.13, and 164.27 Å3 for LSM, CGO, Pr6O11, and BYO, 
respectively, which are comparable to those reported for the cor-
responding bulk materials in the ICSD database.[36] In the com-
posite layers, some differences are observed in the lattice cell 
volume compared to the bulk materials, which are attributed 
to cation exchange between the fluorite and perovskite phases 
during the co-synthesis process. For instance, the unit cell 
volume of CGO in LSM-CGO composite increases from 159.20 
to 160.63 Å3, and conversely for LSM component, it decreases 
from 350.48 to 349.89 Å3, which could be explained by a minor 
cross-exchange of La and Ce between both phases. Thus, the 
incorporation of La3+ (1.16 Å) in the Ce4+ (0.97 Å) site of CGO 
produces and expansion of the unit cell, and vice versa for LSM 
phase. It is also worth noting that the phase quantification, esti-
mated by Rietveld refinement, is similar to the theoretical one, 
further confirming that there is only a minor cation exchange 
between the perovskite and fluorite phases. In addition, the 
structural results for the layers deposited on YSZ pellets and 
annealed at 1000 °C are similar to those layers deposited onto 
quartz wafers, evidencing the stability of the nanocomposite 
layers at high annealing temperatures (Table S1, Supporting 
Information). On the contrary, LSM-BYO layers are not ther-
mally stable above 800 °C (Figure 1b) due to two possible causes: 
Bi-sublimation[37] or chemical reaction with LSM, which results 
in the formation of a new phase (La0.8Sr0.2)1–xBixMnO3-δ.[38]

Interestingly, the crystallite size estimated by the Scherrer’s 
equation is considerably smaller in the biphasic layers compared 
to the single-phase layers (Table S1, Supporting Information). 

For instance, the LSM particles in LSM-CGO and LSM-Pr have 
an average diameter of 12.5 and 14.4  nm, respectively, com-
pared to 22.3  nm for LSM single-phase at 800 °C. Moreover,  
these differences are more pronounced at high sintering tem-
peratures, 62 and 22  nm for LSM in the single and biphasic 
layer, respectively at 1000 °C. This behavior is explained by the 
homogeneous mixture of two immiscible compounds in the 
nanocomposite layers, which hinders the cation diffusion and 
inhibits the grain growth during the sintering process.[17,34]

In order to further verify these findings, high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) and Energy dispersive X-ray spectroscopy 
(EDX) images of LSM-CGO layer are acquired. Figure 2a clearly 
shows the existence of two phases homogenously distributed 
with particle sizes of about 20–30 nm after sintering at 1000 °C, 
in accordance with XRD results. This intimate mixture ensures 
a large contact between CGO and LSM nanoparticles, and con-
sequently, high active sites for the electrochemical reactions. 
Moreover, the particles exhibit well defined crystalline structure 
with lattice d-spacing comparable to those estimated by XRD 
data (Figure 2b).

2.2. Microstructural Analysis

Cross-sectional SEM images of the symmetrical cells at the 
electrode/electrolyte interface are shown in Figure 3. The 
LSM cathode layer has a thickness of about 30 µm and shows 
a highly porous microstructure (Figure S2, Supporting Infor-
mation). All active layers have similar thickness, ranging 
from 0.8 to 1  ±  0.2  µm, except for LSM-BYO, which is some-
what thinner ≈0.5 ± 0.1 µm. This finding and the XRD results  
suggest that bismuth is partially sublimated at 1000 °C as 
previously observed for other Bi2O3-based layers.[39–42] In fact, 
the melting temperature of undoped and doped-Bi2O3 is rela-
tively low about 825 and 1100 °C, respectively;[37,43] and this 
could be different for nanostructured materials.

EDX analysis also confirms that the Bi content is inferior to 
the nominal one after annealing at 1000 °C, unlike the rest of 
the layers, which are stable at 1000 °C without any evidence of 
cation interdiffusion between the cell components (Figure S3, 
Supporting Information).

Figure 2. a) HAADF-STEM and EDX image of LSM-CGO composite layer and b) HRTEM image, showing d-spacing of the different compounds.
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The most remarkable microstructural characteristic of 
the nanocomposite layers is that their particle size is sig-
nificantly lower than that of single phase layers. For example,  
LSM-CGO has a grain size < 50 nm compared to 250 nm for LSM 
(Figure  3a–d). Moreover, LSM-CGO presents improved micro-
structural features compared to LSM, such as lower porosity, 
improved adherence to the electrolyte and no visible formation 
of cracks nor delamination after long-term annealing at 1000 °C 
(Figure  3c,d). In contrast, LSM and LSM-Pr layers display ver-
tical cracks along the electrolyte interface, which may be attrib-
uted to grain growth and coarsening after long-term annealing 
at 1000 °C (Figure 3a,e). In the case of LSM-Pr, this layer shows 

a grain size smaller than 100 nm but pores and cracks are devel-
oped after the electrochemical characterization, attributed to the 
high thermal expansion coefficient of Pr6O11 (22.6  ×  10–6 K–1)  
compared to YSZ (11 × 10–6 K), CGO (12 × 10–6 K–1), and LSM 
(13  ×  10–6 K–1).[44,45] It is also worth noting that delamination 
between the cell layers is not observed for all compositions.

2.3. Electrochemical Impedance Spectroscopy at OCV

The electrochemical performance of the LSM cathode with 
the different active layers was investigated by impedance 

Figure 3. SEM images at different magnification of the different active layers deposited on YSZ electrolyte after the electrochemical characterization: 
a,b) LSM, c,d) LSM-CGO, e,f) LSM-Pr, and g,h) LSM-BYO.
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spectroscopy in symmetrical cells at open circuit voltage (OCV)  
(Figure 4a). As it can be observed, the introduction of an active 
layer leads to a significant decrease of the overall polarization 
resistance compared to the blank LSM cathode without any 
active layer.

DRT analysis was performed to distinguish the electrochem-
ical processes involved in the electrode response for the correct 
choice of the equivalent circuit model (Figure  4b). Two main 
peaks attributed to two different electrochemical processes 
are discernible for the different cells with and without active 
layer. The high frequency contribution (HF), located around  
104  Hz, is usually related to charge transfer reactions at the 
electrode/electrolyte interface.[46,47] Since the area under each 
peak is related to the resistance of each process, it is evident 
that the HF process decreases significantly after the introduc-
tion of the active layers. Moreover, the low frequency response 
(LF), assigned to superficial electrode processes, also decreases,  
indicating that the active layer provides additional electrolyte 
surface paths, where the diffusion, adsorption, and incor-
poration of oxygen occurs at the electrolyte surface. The cell 
with active layers also show a shift of the different electrode 
responses to lower frequencies, which is typically attributed to 
fast oxide ion conduction at the interface in the following the 
order: LSM < LSM-CGO < LSM-Pr, as previously observed for 
related studies.[33,48] A minor contribution, assigned to diffusion 
limitations and denoted as D, is observed in the DRT spectra at 
very low frequency ≈0.1 Hz, which is not considered in the fit-
ting by equivalent circuits due to its low resistance compared to 
LF and HF processes.

Based on the DRT analysis, the spectra were fitted by using 
the equivalent circuit displayed in the inset of Figure 4a, where 
RΩ is a serial resistance assigned to the ohmic resistance of the 
electrolyte and L is an inductor attributed to the electrochemical 
setup. Two serial (RQ) elements are included to simulate the 
electrode responses, where R is a resistance in parallel with a 
constant phase element Q. Such equivalent circuit is used to 
describe the variation of the impedance spectra at different 
temperatures, oxygen partial pressures and DC-bias.

RΩ is comparable for all cells, regardless of the composi-
tion of the active layer, indicating that the active layers do not 
introduce extra ohmic losses to the cell, since they exhibit good 
adherence to the electrolyte without the presence of delamina-
tion. Moreover, the vertical cracks observed in LSM and LSM-Pr 
layers do not appreciably alter the ohmic resistance.

The resistance and the capacitance values of the different 
electrode processes at OCV are shown in Figure 5. As it can be 
observed, both magnitudes depend on the type of active layer 
employed. In general, the resistance of the LF process, assigned 
to charge transfer reaction on the electrode surface, is higher 
than that of HF one (Figure 5a,b). Moreover, RHF decreases in 
more than one order of magnitude after introducing the active 
layer, and as expected, the differences are more important in 
the low temperature range, where the performance of the bulk 
LSM electrode is poorer. The RHF resistance for the different 
active layers decreases following the order: LSM > LSM-CGO 
> LSM-Pr. This trend could be explained by the high mixed 
ionic-electronic conductivity of Pr6O11 compared to CGO,[49,50] 
which improves the oxide ion transfer from TPB to the elec-
trolyte. Moreover, the activation energy of RHF clearly decreases 
from 1.35 ± 0.02 to 0.97 ± 0.04 eV, indicating that this process is 
faster after the incorporation of the active layers.

Interestingly, the low frequency process RLF also decreases, 
indicating that the active layer not only improves the oxide ion 
transfer at the electrolyte interface, but also extends the reaction 
sites for the electrochemical reactions (Figure  5b). The lowest 
RLF values are found for LSM-CGO, which is possibly related 
to the improved microstructural features of this layer, that is, 
lower grain size, improved adherence and higher TPB density, 
as previously mentioned. Moreover, the corresponding activa-
tion energy of RLF is comparable for all cells, ranging between 
1.36 ± 0.05 and 1.42 ± 0.03 eV, regardless of the active layer.

The capacitances of both LF and HF processes are also strongly 
dependent on the active layer used (Figure 5c,d). In general, an 
increase of the capacitance is related to higher active sites for the 
electrochemical reactions as previously observed for different 
nanostructured electrodes.[51,52] Particularly, CHF increases from 
7 × 10–5 F cm–2 for the cell without active layer to 2 × 10–3 F cm–2  
for the cell with LSM-Pr. This trend is similar to that observed for 
the corresponding RHF resistance: LSM < LSM-CGO < LSM-Pr 
(Figure 4a). It is also worth noting that the low capacitance values 
of this process further confirm that this electrode response is 
related to oxide ion migration at the electrode/electrolyte inter-
face.[53] Similarly, the CLF processes, related to charge transfer 
reaction on the electrode surface, increases in two orders of mag-
nitude for the LSM-Pr in comparison to blank LSM, indicating 
that the active sites for this process also increase.

A schematic diagram of the electrochemical processes occur-
ring at the LSM electrode for the different cell assemblies is 

Figure 4. a) Impedance spectra in air of the symmetrical LSM/YSZ/LSM 
cell with different active layers under OCV at 700 °C and b) the corre-
sponding DRT spectra.
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shown in Figure 6. According to previous reports, LSM exhibits 
very low oxide ion conductivity at intermediate temperatures, and 
consequently, the active sites for the electrochemical reactions 
at OCV are limited to the TPB region at the electrode/electro-
lyte interface (Figure 6a). The introduction of a nanostructured 
LSM layer provides an electronic path on the electrolyte surface, 
extending the electrocatalytic active sites on the electrolyte sur-
face (Figure 6b). However, the introduction of a nanocomposite 
layer, formed by an intimate mixture of an ionic and electronic 
conductor, provides both electronic and ionic conducting paths 
and more active sites for the electrochemical reactions close to 
the electrolyte interface (Figure 6c). In addition, the particle size 
in the nanocomposite electrode is drastically reduced, which fur-
ther explains the improvement of performance.
Figure 7 compares the overall polarization resistance (Rp) 

of the different cells with and without active layers. As it can 
be observed, the introduction of the active layers results in a 
drastic reduction of the polarization resistance in the whole 

temperature range studied (750–450 °C). The best results were 
obtained for both LSM-CGO and LSM-BYO nanocomposite 
active layers, despite that BYO is partially sublimated during 
the cell assembling at 1000 °C. For example, the polarization 
resistance at 700 °C decreases from 1.71 ± 0.08 Ω cm2 for LSM 
without active layer to 0.95  ±  0.05, 0.62  ±  0.02, 0.46  ±  0.03, 
and 0.39  ±  0.02 Ω cm2 for those cells with LSM, LSM-Pr,  
LSM-CGO, and LSM-BYO active layers, respectively (Figure 4). 
These values are lower than those reported previously for  
LSM-YSZ, LSM-CGO, and LSM-BYO composite electrodes 
on YSZ electrolyte, 1.2, 1.06 and 0.50 Ω cm2, respectively at 
700 °C,[54–56] or those observed for the LSM electrode with CGO 
or BYO active layers (Table S2, Supporting Information).

In order to get further insights into the oxygen reduction 
mechanisms occurring on the most promising LSM-CGO 
active layer, the impedance spectra were recorded as a function  
of oxygen partial pressure (pO2) (Figure 8). The relationship  
between the electrode polarization resistance and pO2 is 

Figure 6. Schematic diagrams of the electrochemical processes occurring in LSM cathode under OCV at low temperature: a) without an active layer, 
b) with LSM active layer, and c) with biphasic LSM-MIEC active layer.

Figure 5. Temperature dependence of a,b) resistance and c,d) capacitance of the high and low frequency contributions to the overall polarization 
resistance. The activation energies of RHF and RFL processes are given in the inset Tables.
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described by Ri ∝ (pO2)-m, where the exponent m is used for 
differentiating the elementary reactions of each process. The 
overall oxygen reduction reaction, described by the equation: 

+ + →⋅⋅ ′′O 2V 4e 2O2 O o
x ,[57] involves several steps with different m 

values, including the adsorption of oxygen gas on the electrode 
surface (O2,gas → O2,ads; m = 1), the dissociation of oxygen gas 
on the electrode surface (O2,ads → 2Oads; m  = 1/2), the reduc-
tion of oxygen atoms (Oads + e′ → O′ad m  = 3/8), the charge 
transfer process on the electrode surface ( + + →′′ ⋅⋅O 2e V Oads O o

x;  
m = 1/4), and the oxygen incorporation from the TPB into the 
electrolyte (Oabs + 2e″+ V OO o

x→⋅⋅ ; m = 0), among others.[58] How-
ever, all these steps are usually not detectable for a determined 
electrode, instead, only the rate limiting processes are visible by 
impedance spectroscopy.

The DRT analysis confirms the presence of two different 
processes in the whole pO2 range studied for LSM without and 
with active layer. For this reason, the same equivalent circuit 
proposed above is employed to fit the data. The pO2 depend-
ence of the RHF and RLF contributions at 700 °C confirm that 
the same rate-limiting processes are involved in LSM without 

and with active layer (Figure  8 and Figure S4, Supporting 
Information). As aforementioned, the cathode with LSM-CGO  
active layer shows a sudden decrease of the RHF contribution 
by one order of magnitude compared to the same cell without 
active layer. The RLF processes also decreases by a factor of three, 
further confirming the great effect of LSM-CGO interlayer on 
the electrode performance. The HF response is nearly pO2 inde-
pendent, suggesting that this process is attributed to oxygen ion 
transfer from the TPB into the electrolyte. However, the main 
contribution to the overall resistance is the LF response with 
m ≈ 0.35, which is close to 3/8, and therefore, assigned to the 
reduction of oxygen atoms on the electrode surface.[59–62]

2.4. Electrochemical Impedance Spectroscopy Under DC-Bias

The electrochemical performance of the cells was also inves-
tigated under a DC-bias by 3-probe electrode configura-
tion (Figure 9). EIS spectra under cathodic polarization from  
0 to -0.3  V are shown in Figure  9a,b for LSM cathode without 
active layer and with LSM-CGO active layer, respectively. Overall 
polarization resistance (Rp) are shown in Figure 9c for both anodic 
and cathodic conditions at 600 and 700 °C, which decreases grad-
ually with increasing DC-bias. However, further reduction of Rp is 
found for LSM electrode without active layer, that is, Rp at 600 °C  
decreases from 20.5  ±  1.0 Ω cm2 at OCV to 4.7  ±  0.5 Ω cm2 at 
-0.30  V, compared to LSM with LSM-CGO active layer from 
3.6 ± 0.3 to 1.86 ± 0.2 Ω cm2 under the same conditions.

In agreement with previous studies, the ORR for blank LSM 
at OCV is dominated by the electrochemical processes occurring 
at the electrode/electrolyte interface,[63–65] while under cathodic 
polarization, oxygen vacancies are formed in LSM due to the 
reduction of Mn4+ to Mn3+, which highly enhances the electro-
chemical properties.[66,67] This phenomenon leads to a new reac-
tion path involving the bulk of the LSM particles.[63] Once the 
bulk path is activated, the determining factor for the ORR is the 
extension contact between the LSM and the electrolyte, which is 
enhanced for the cells with active layers. In the case of the cells 
with LSM-CGO interlayer, the most important electrochemical 
reactions take place at the electrode/electrolyte interface, regard-
less of the DC-bias applied, and for this reason a less significant 
decrease of the polarization resistance occurs in this scenario.

Regarding the effect of temperature, the dc-bias has a rather 
low impact on the polarization resistance in the high tempera-
ture range (T > 700 °C) due to the higher ionic conductivity of 
LSM and the improved bulk path contribution for the ORR. For 
instance, LSM without active layer shows a Rp of 0.36 ± 0.1 Ω cm2  
under OCV and 0.23 ± 0.1 Ω cm2 at -0.3 V at 800 °C.

In anodic polarization mode, Rp values further decrease, 
compared to cathodic polarization, due to an increase of the 
local oxygen content inside the electrode.[68,69] Thus, high 
anodic polarization produces an effect similar to an increase 
of the oxygen partial pressure, which enhances the electron-
hole conduction in LSM, leading to a decrease of Rp (Figure S5, 
Supporting Information).

Further information about the effect of the DC-bias on 
the different electrode responses was obtained by analyzing 
the spectra by equivalent circuit models (Figure  9d). The HF  
contribution for both LSM without and with active layer is nearly 

Figure 7. Overall polarization resistance of the different cells with and 
without active layers under OCV as a function of the temperature.

Figure 8. Polarization resistance contributions for LSM without and with 
LSM-CGO active layer as function of the pO2.
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independent on the applied DC-bias in cathodic polarization, 
which is in accordance with previous studies.[70] In contrast,  
the LF response attributed to charge-transfer process on the 
electrode surface, is highly affected by the DC-bias. This finding 
is in agreement with the increase of the oxygen vacancy con-
centration in the active sites induced by a DC-bias.[71,72]

2.5. Single Cell Performance

In order to test the cell performance in real SOFC conditions, an 
anode supported cell with the following configuration Ni-YSZ/
YSZ/LSM-CGO/LSM was prepared and compared with the  

corresponding cell without active layer. Figure 10a,b shows the 
I–V and power density curves of the cell without and with LSM-
CGO active layer, respectively. The OCV of both cells is close 
to the theoretical value, 1.1 V for wet hydrogen (3  vol% H2O), 
which confirms a good gas tightness and sealing of the cell. 
The maximum power densities (MPD) of the cell with the LSM-
CGO active layer are 1.20 and 0.85 W cm–2 at 800 and 700 °C, 
respectively, which are considerably superior to those obtained 
for the cell without active layer, 0.79 and 0.46 W cm–2 at 800 and 
700 °C, respectively, under the same operation conditions. It is 
worth noting that these power density values are considerably 
higher than those reported previously for LSM-based electrodes, 
which confirms the positive effect of employing nanocomposite 

Figure 9. Impedance spectra in 3-probe configuration acquired under cathodic polarization for LSM cathodes a) without and b) with LSM-CGO active 
layer at 700 °C. c) Overall polarization resistance under cathodic and anodic dc-bias at 600 and 700 °C. d) Variation of the RHF and RLF resistance 
contributions at 600 °C.

Figure 10. Power density and I-V curves of Ni-YSZ/YSZ/LSM cells a) without and b) with LSM-CGO active layer. c) Impedance spectra of the cells at 
OCV at 700 °C and the corresponding d) DRT spectra. e) Stability test of the fuel cell at a current density of 1 A cm–2 and f) SEM image of the cell.
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active layers at the cathode/electrolyte interface (Table S2, Sup-
porting Information). For instance, the power density values 
of the cell with LSM-CGO active layer notably outperformed 
those reported for LSM-composite cathodes such as LSM-
CGO (0.75 W cm–2 at 800 °C) and LSM-BYO (0.78 W cm–2  
at 700 °C) (Table S2, Supporting Information).[34,56]

In view that the anode supported cells have the same elec-
trolyte and electrode materials and they were prepared in the 
same batch, the differences in the power densities are mainly  
attributed to the introduction of the LSM-CGO active layer. 
Impedance spectra data recorded under OCV confirms that 
the introduction of LSM-CGO active layer reduces the elec-
trode polarization resistance from 0.58 to 0.31 Ω cm2 at 700 °C, 
whiles the ohmic resistance is similar for both cells ≈0.06 Ω cm2  
(Figure 10c).

DRT analysis of the impedance spectra reveals the pres-
ence of at least three different processes (Figure  10d). As it can 
be observed, the contributions associated with the oxygen ion 
incorporation from the TPB to the electrolyte (RCat

HF) and the 
charge transfer at the cathode surface (RCat

LF) decrease after 
the introduction of the LSM-CGO layer, in accordance with the 
results obtained in symmetrical cell configuration (Section  2.3). 
In contrast, the resistance attributed to anode (Ran) is similar for 
both cells, further evidencing that the improved power output is 
induced by the incorporation of the LSM-CGO nanocomposite 
layer. The Ran contribution, centered at ≈1 Hz, has been previously 
attributed to hydrogen oxidation processes at TPB in anode-sup-
ported SOFCs; however, additional studies at different hydrogen 
and oxygen partial pressures are needed to obtain further insights 
on these electrochemical processes.[73,74] Furthermore, a minor 
contribution (RDif) appears at a very low frequency of 0.1  Hz, 
which can be attributed to diffusion limitations, including O2 and 
H2 diffusion in the cathode and anode, respectively.[75]

The dependency of the cell voltage over time at a constant cur-
rent density of 1 A cm–2 was monitored to evaluate the durability 
of the cell with LSM-CGO active layer (Figure  10e). No obvious 
degradation of cell voltage was observed for over 100 h at 700 °C,  
indicating a good long-term stability of the nanocomposite layer 
at intermediate temperatures. In addition, the SEM image of 
the cell after the electrochemical tests confirms a good adher-
ence between the different layers with no visible delamination 
or cracks (Figure 10f). The thickness of YSZ electrolyte is about 
5 µm, while the LSM-CGO active layer has a thickness of around 
1 µm and it retains the original nanoscale microstructure.

All these results confirm the great influence of tailoring 
the cathode/electrolyte interface by incorporating an active 
nanocomposite layer. Furthermore, the incorporation of new 
nanocomposite active layers has demonstrated to deliver very 
promising outputs in terms of cell performance and stability, 
showing better results than those observed for traditional active 
layers based on single-phase materials. This fact is mainly 
related to an increase of the ionic/electronic paths on the elec-
trolyte surface, as well as an improvement of the mechanical 
stability of the active layer, since the thermal expansion mis-
match between the cell layers is minimized. Moreover, the elec-
trodes investigated in the present study are Co-free and exhibit 
high stability when operating at intermediate temperatures. In 
future, this new approach could be extended to other nanocom-
posite layers, including compositions for anode materials.

3. Conclusions

Different nanocomposite active layers formed by a mixture 
of oxide ion and mixed conductors were prepared by spray-
pyrolysis deposition. The biphasic LSM-Pr, LSM-CGO and 
LSM-BYO layers showed lower grain size compared to the 
LSM single-phase layer, for example, 50 nm for LSM-CGO and 
250  nm for LSM after sintering at 1000 °C. This microstruc-
tural feature was attributed to the nanoscale contact between 
different phases, which inhibited the cation diffusion and grain 
growth at relatively high sintering temperatures.

The introduction of a nanostructured active layers signifi-
cantly reduced the polarization resistance of the LSM air elec-
trode, since it not only improved the charge transfer process at 
the electrode/electrolyte interface but also it provided extended 
surface paths for the ORR on the electrode surface. This fact 
was confirmed by an increase of the capacitance values of the 
different electrode processes.

The polarization resistance of LSM cathode with no active 
layer varied strongly under applied dc-bias due to an activation 
of the bulk path for ORR; while, minor improvements were 
found for the electrodes with active layers.

A Ni-YSZ anode supported cell with the LSM-CGO active 
layer rendered a MPD of 1.20 W cm–2 at 800 °C in wet H2, 
substantially higher to that obtained for the same cell without 
active layer, that is, 0.79 W cm–2. These results demonstrate that 
tailoring the electrode/electrolyte interface by implementing 
advanced nanostructured materials is key to achieve higher 
electrochemical performance at lower operating temperatures 
without compromising the cell integrity.

4. Experimental Section
Materials Preparation: The Zr0.84Y0.16O1.86 (YSZ) electrolytes were 

prepared from commercial powders supplied by Tosoh. The powders 
were pressed into disks of 10 mm in diameter and 1 mm in thickness, 
and then sintered at 1400 °C for 4 h to achieve full dense ceramics.

Four different active layers were deposited by spray-pyrolysis onto 
as-prepared YSZ electrolyte surfaces: La0.8Sr0.2MnO3-δ (LSM), LSM-
Pr6O11 (LSM-Pr), LSM-Ce0.9Gd0.1O1.95 (LSM-CGO), and LSM-Bi1.5Y0.5O3-δ 
(LSM-BYO) (50:50  wt.%). Single aqueous solutions were prepared 
by dissolving stoichiometric amounts of the corresponding metal 
nitrates: La(NO3)3∙6H2O, Sr(NO3)2, Mn(NO3)2∙4H2O, Pr(NO3)3∙6H2O, 
Ce(NO3)3∙6H2O, Gd(NO3)3∙6H2O, Bi(NO3)3∙5H2O or Y(NO3)3·6H2O 
(Sigma-Aldrich, purity above 99%) in Milli-Q water to obtain the 
precursor solutions with a total cation concentration of 0.025  mol L–1. 
In the case of LSM-BYO active layer, ethylenediaminetetraacetic acid 
(EDTA) in a 1:1 molar ratio was added as complexing agent to stabilize 
the cation solution and prevent phase segregations during calcination. 
The precursor solution was sprayed onto both faces of the YSZ 
electrolytes at 450 °C for 30 min in order to obtain thin and dense layers. 
The solution flow rate was 20 mL h–1 and the substrate-nozzle distance 
was fixed at 20 cm. Further details about the spray-pyrolysis setup were 
described previously.[76] After spray deposition, the layers were sintered 
at 800 °C to achieve crystallization. La0.8Sr0.2MnO3-δ (LSM, Praxair) 
was then screen-printed onto the YSZ pellet and sintered at 1000 °C for  
1 h. Similarly, all layers were deposited onto amorphous quartz wafers of 
2 × 4 cm2 and sintered at 800 °C for structural characterization.

Microstructural and Electrochemical Characterization: The structure of 
the active layers was analyzed by X-ray powder diffraction (XRD) with a 
PANalytical Empyrean X-ray diffractometer and CuKα radiation in the 2θ 
range of 10–80° with a total acquisition time of 1 h. Phase identification 
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was performed with X’Pert HighScore Plus.[77] The XRD patterns were 
analyzed by the Rietveld method by using the GSAS suite software to 
obtain information on the composition and crystal structure of the 
layers after annealing at different temperatures.[78] During the Rietveld 
analysis, the usual parameters were refined, that is, zero shift, scale 
factor, background, peak-shape, and preferential orientation. The atomic 
site-occupation factors were fixed at values according to the theoretical 
chemical composition. The microstructure was studied by Scanning 
Electron Microscopy (SEM) in a FEI Helios Nanolab 650, equipped with 
an energy dispersive spectrometer (EDS, Oxford instruments).

The electrochemical properties of the LSM electrodes with different 
active layers were investigated at open circuit voltage by electrochemical 
impedance spectroscopy (EIS) in symmetrical cell configuration by using 
a Solartron 1260 FRA in the frequency range of 0.01–106  Hz with an 
AC amplitude of 100 mV. Pt-ink (Metalor 6082) was painted onto both 
sides of the pellet surfaces and then calcined at 750 °C for 15  min to 
obtain a current collector. The measurements were carried out in static 
air on cooling between 750 and 350 °C with a dwell time of 30  min 
between consecutive measurements. The spectra were also acquired as 
a function of the oxygen partial pressure (pO2) to identify the different 
processes involved in the ORR.[73] Data were analyzed by distribution of 
relaxation times (DRT) with DRTtools software and by equivalent circuits 
models with ZView software.[79,80]

The effect of a DC-bias on the electrode efficiency was studied 
by using a 3-probe configuration under both cathodic and anodic 
polarization mode. A Zahner Zennium XC workstation was employed 
to apply a DC-bias between -0.3 and +0.3  V. YSZ pellets of 20  mm 
diameter and 1 mm thickness were prepared and the active layers were 
deposited by spray-pyrolysis on an area of 0.25 cm2. The LSM working 
electrode was screen-printed and sintered at 1000 °C for 1 h. The counter 
electrode was prepared by painting Pt-ink on the other side of the pellet. 
Finally, a Pt ring reference electrode was painted around the edge of the 
electrolyte on the WE side.[72]

Fuel Cell Performance: The performance of the LSM cathode with 
and without active layers in real operating conditions was evaluated in 
a Ni-YSZ anode supported cell. NiO (60 wt%)-YSZ/YSZ half cells were 
prepared as described elsewhere.[51] The LSM-CGO active layer and LSM 
air electrodes were deposited on the YSZ electrolyte by spray-pyrolysis 
and screen-printing method, respectively, as described above.

The Ni-YSZ/YSZ/LSM cells with and without LSM-CGO active layer 
were mounted in a homemade electrochemical cell and then sealed 
with Ceramabond 668 ceramic paste (Aremco, Northbrook, IL, USA). 
The current–voltage (I–V) curves and impedance spectra were acquired 
with a Zahner XC workstation in the temperature range of 700–800 °C by 
using wet (3% H2O) H2 as fuel and static air as oxidant.

Statistical Analysis: Four samples for each composition were 
prepared from two different batches. The cell parameters and 
polarization resistances were determined from XRD and impedance 
data, respectively, of two different samples. The resistances and their 
corresponding activation energies were shown as mean ± SD. The 
active layer thickness was obtained from two samples and four different 
images (n = 4) of each sample.
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