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A strategy to improve the performance and durability of solid oxide 

fuel cells (SOFCs) is to increase the cathodic activity and decrease 

the interfacial resistance between the cathode and electrolyte. Pulsed 

laser deposition (PLD) has been shown to be a promising method to 

engineer functional interlayers to enhance the cell's performance. In 

the present study, a bilayer consisting of Sm0.2Ce0.8O2−δ (SDC) 

barrier layer (BL) and a nanocomposite consisting of SDC-

La0.8Sr0.2MnO3−δ (SDC-LSM) employed as a cathode functional 

layer were deposited by PLD in an anode supported SOFC. The fuel 

cell showed maximum power density of 0.30 W∙cm−2 at 750 °C. 

Most importantly, a durability test carried out for 700 h at 750 °C 

showed a remarkably stable performance of the fuel cell.  

 

 

Introduction 

 

In the intermediate temperature solid oxide fuel cells (IT-SOFC), the oxygen reduction 

reaction (ORR) and ion transport electrochemical reactions occurring at the cathode and 

cathode/electrolyte interface, are hindered when state-of-the-art (SoA) SOFC materials are 

used. It is precisely at this interface where phenomena of reactivity between phases and 

diffusion between cations occur, promoting the decrease in the fuel cell’s performance and 
durability. Thus, the performance of the fuel cell will be greatly influenced by those 

interfaces. To achieve a high performance and durability of an IT-SOFC it is required to 

increase the cathodic activity and to decrease the interfacial resistance between cathode 

and electrolyte. 

 

Currently, the LSCF perovskite cathode material reacts with the YSZ electrolyte (1–3), 

therefore doped-ceria barrier layer (BL) is introduced to inhibit the interdiffusion processes 

(4–9). However, there are still challenges for the optimization of the BL: its thickness must 

be minimized, and its microstructure and densification optimized to reduce ohmic 

resistance contribution. Pulsed laser deposition (PLD) has shown to be the most promising 

method to apply a thin dense, and continuous BL (10–12). Doped-ceria barrier layers 

deposited by PLD have improved the performance by 70% compared to SoA fuel cells and 

shown good stability under continuous operation (13). 
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Besides the BL, adjusted nanostructured layers can be deposited by the PLD technique 

to enhance the ORR by creating an interface rich of reaction sites. A possible strategy to 

increase the interface for ORR is to create a nanocomposite cathode combining an 

electronic conductor and ionic conductor. The strontium-doped lanthanum manganite 

(LSM), the standard cathode material for high temperature SOFC (800-1000 °C), is widely 

studied due to electronic properties, chemical stability, and specially its good compatibility 

with the YSZ electrolyte (14). However, due to its poor oxygen surface exchange and 

diffusivity causing a limited extension of reaction beyond the TPB, single-phase LSM is 

not an appropriate choice as a cathode when intermediate temperatures of operation are 

targeted (15) (16). The generation of nanocomposite electrodes combining structures of 

LSM with an ionic conductor such as samarium doped ceria (SDC) (17), which has a high 

oxygen conductivity, has been shown to increase the length of active area, and improve 

ORR kinetics (18).  

 

The PLD method has been used to apply nano-scaled interlayers that accelerate the 

ORR kinetics and maximize the active interfacial area (19,20). Nanocomposite columnar 

structures have been grown between cathode and electrolyte as active functional layers (21) 

to decrease the overpotential by increasing the oxygen ion diffusivity, those nanocomposite 

layers have also shown enhancement in power density by improving adhesion properties, 

cause lattice distortions, increase oxygen vacancies and interfacial area density (18,22,23). 

Heterostructures affect the concentration and mobility of charge carriers near-interface 

phases and, consequently, the ionic and electronic properties of the material (24). The 

nanostructured interlayers appear to contribute significantly to affect the macroscopic 

electrochemical properties of the fuel cell and contribute to the improvement of the cell’s 
performance and durability. While fuel cells comprising nanocomposite layers may exhibit 

enhanced power density by improving adhesion properties, increasing the density of the 

active surface area to facilitate the migration of oxygen ions, charge transfer processes, and 

long-term thermochemical stability remain a challenge (21,23,24). In this regard, a 

previous report investigated the fundamental electrochemical properties of LSM-SDC 

vertically aligned nanocomposites (VANs) deposited on model single crystal electrolytes 

(25). These VANs showed a greatly improved long-term thermal stability with respect to 

SoA electrode materials by suppressing the Sr segregation to the surface, along with 

enhanced oxygen kinetics as a consequence of fast diffusion and incorporation pathways 

promoted by the microstructural alignment (25). Moreover, unlike standard multilayer 

films, VANs are self-assembled structures, with stable interfaces formed at growth 

temperature, that exhibit good microstructural stability at operation temperatures. 

 

In the present study an SDC barrier layer combined with an LSM-SDC nanostructured 

functional layer (NFL), both deposited by pulsed laser deposition (PLD), were applied in 

a reference anode supported cell. The role of such bilayer placed between the YSZ 

electrolyte and LSCF current collector layer (CCL) was investigated. The SDC BL will 

help minimizing cation interdiffusion while the composite’s interface will enlarge the 
electrochemically active surface area for the ORR. The nanostructured layers applied by 

the PLD technique were fine-tuned to obtain dense and thin bilayers. The goal is to better 

understand the role of nanometric interlayers to enhance the overall performance of the cell 

and its durability. 
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Experimental 

 

Pulsed laser deposition (PLD) of the barrier layer (BL) of SDC and of the 

nanofunctional layer (NFL) of LSM - SDC were performed on a multitarget chamber from 

PVD Products (PVD5000) with a KrF excimer laser (  = 248 nm). The pressed targets used 
were of Sm0.2Ce0.8O1.9 (Kceracell) for the BL and 50:50 wt% (La0.8Sr0.2)0.98MnO3 

(Kceracell) and Sm0.2Ce0.8O1.9 (Kceracell) for the NFL target. An energy fluence of around 

1 J.cm−2 was used for the ablation of the targets and a frequency of 10 Hz for the BL and 

of 2 Hz for the NFL. During the deposition process, the distance between the substrate and 

the target was 90 mm, the temperature of the chamber was kept at 750 °C under an oxygen 

partial pressure of 0.7 Pa. 

 

The NFL and the BL+NFL were deposited by PLD on a 150 m thick substrate of 
8YSZ (Kerafol). The samples with only the NFL were treated at different temperatures, 

900, 1000 and 1100 °C, to study the thermal stability of the NFL. Symmetric cells were 

prepared with the same set of deposition as described above on the 8YSZ substrate. A 

cathode layer of (La0.6 Sr0.4)0.97Co0.2Fe0.8O3 (Kceracell) was deposited on top of the as-

deposited PLD layers on both sides of the cells by a 3-axis automated airbrush (Print3D 

Solutions). The samples with BL + NFL as interlayers were sintered at 1000 °C, found to 

be the optimal firing temperature for the LSCF attachment.  

 

The crystalline phases of the as-deposited PLD layers and of the NFL submitted to 

different temperatures were characterized by X-ray diffraction (XRD) measurements on a 

Bruker-D8 Advance instrument at room temperature using Cu-Kα radiation with a nickel 
filter and a Lynx Eye detector. Initial microstructural analyses of the SDC BL and LSM-

SDC NFL deposited on YSZ support with LSCF sintered at 1000 °C was carried out 

through transmission electron microscopy (JEOL 2010F TEM) of the lamellae of the cells 

prepared with the dual-beam instrument Helios 650. 

 

The symmetric cells with the different interlayers and sintering temperatures were 

electrochemically characterized. The station used was the ProboStat™ (NorECS) which 

was placed inside a high-temperature vertical tube furnace. Au was used as the current 

collector and the impedance spectroscopy measurements (EIS) were carried out by the 

Novocontrol spectrometer (NOVOCONTROL Technologies GmbH & Co. KG) at the 

temperature ranging from 550 to 800 °C under the flow of synthetic air. 

 

Complete SOFCs were prepared to evaluate the performance and the durability of a Ni-

YSZ/YSZ/SDC/LSM-SDC/LSCF single cell. A reference half-cell supported by a Ni-YSZ 

anode (≈ 300 m thick) and a 8YSZ electrolyte (≈ 7 m thick) was used. The same 

deposition procedures, as described in the symmetrical cell, were used for the complete 

cell. Accordingly, the SDC barrier layer followed by the LSM-SDC ceramic 

nanocomposite layer were deposited by PLD on top of the electrolyte, and the LSCF 

cathode was airbrushed on top of the NFL and sintered at 1000 °C. A ProboStat™ 

(NorECS) system placed inside a high temperature tube furnace was used to test the 

complete cells. Ceramabond™ (Aremco) paste was used to seal the cell. The long-term 

durability test was done using a M9700 electronic load from Maynuo Electronic Co. Ltd. 

The measurements of the complete single cells were done under dry H2 fuel in the anodic 

compartment and synthetic air in the cathode with a flow density of 22.22 Nml∙min−1∙cm−2. 
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The long-term durability test was carried out for 700 h at 750 °C under a current density of 

0.3 A∙cm−2. 

 

 

Results and Discussion 

 

The deposition of thin functional layers of the LSM-SDC (NFL) and SDC + LSM-SDC 

(BL + NFL) on YSZ substrates was carried out by the PLD method with a deposition 

temperature of 750 °C. X-ray diffraction patterns shown in Figure 1 exhibit the reported 

nanocomposite crystalline films on the YSZ substrate. It is possible to identify the cubic 

structure of the YSZ substrate and of the SDC. The LSM diffraction peaks match with its 

pseudo-cubic structure. Furthermore, an XRD analysis was carried out of the samples with 

LSM-SDC submitted to temperatures 900 – 1100 °C. It is possible to identify the YSZ, 

LSM and SDC phases in all samples and observe an increase in crystallinity as the 

temperature increases. 
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Figure 1. XRD patterns of PLD layers on YSZ: top to bottom: LSM-SDC as-deposited, 

and at 900, 1000 and 1100 °C  

 

 

To determine the morphological characteristics of the final electrolyte-electrode 

interface microstructure, TEM cross-section images were obtained as shown in Figure 2. 

The TEM image shows the BL + NFL sandwiched between the YSZ substrate and 

airbrushed LSCF layer. The images show a 400 nm thick homogeneous bilayer of both 

SDC (200 nm) and LSM-SDC (200 nm). The layers exhibit high density and are well 

attached to both the YSZ electrolyte and the LSFC cathode.  
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Figure 2. TEM image of the SDC BL and LSM-SDC NFL deposited on a YSZ support 

with LSCF sintered at 1000 °C. 

 

 

The EIS analyses were firstly carried out of the samples with the configuration 

LSCF/LSM-SDC/YSZ/LSM-SDC/LSCF (Figure 3) treated at 900, 1000 and 1100 °C to 

define the optimal sintering temperature of the LSCF layer. Figure 3 (a) shows the 

impedance data at 750 °C. The experimental data were fitted with the here presented 

equivalent circuit LRS(RP1CPEP1)(RP2CPEP2). When describing the used elements, L refers 

to the inductive contribution due to the setup, RS is the series resistance, ascribed to the 

ohmic contributions including the ionic resistance of the electrolyte and contact resistances. 

Finally, the electrode polarization resistance, the arcs at higher frequencies, were fitted 

with a resistance and a constant phase element (CPE) connected in parallel (RPiCPEPi). 

 

The temperature dependence of the series (ASRseries) and polarization (ASRpol) area-

specific resistances for the different cells is reported in Figure 3 (b) and Figure 3 (c), 

respectively. The ASRseries was determined by the value of the fitting of the series resistance 

(Rs) in the EIS diagram, which is equivalent to the x-intercept at the high frequency end of 

the diagram. The ASRpol was obtained from the sum of the polarization resistances (Rp1 + 

Rp2) which are equivalent to the resistance of the two arcs in the EIS diagram. 

 

Small differences between the ASRseries of the three samples were observed, and the 

same value of activation energy (Ea ~0.85 eV) was calculated. The samples treated at 

1000 °C display the lowest resistance. Considering the ASRpol the sample sintered at 

1100 °C display a significant increase in the polarization resistance associated with a higher 

activation energy (Ea = 1.69 eV). Such resistive behaviour can be attributed to the high 

temperature sintering temperature of 1100 °C, which is known to promote the formation 

of resistive phases at the YSZ/LSCF interface (13). This high temperature coupled with the 

limitation due to the thickness of the layer (200 nm), might activate parallel interdiffusion 

processes between the cathode and the electrolyte leading to the formation of insulating 

phases and decomposition of the electrode material (10,26). 

 

The lowest resistance at the cell operating temperature (~750 °C) was obtained by the 

heat treatment at 1000 °C. Thus, such a temperature was selected as the optimal one to 

produce the symmetrical cell with the additional SDC barrier layer and without any 

interlayer between the YSZ electrolyte and LSCF cathode (Figure 4). 
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Figure 3. (a) EIS diagrams of the symmetrical cells with NFL (YSZ/LSM-SDC/LSCF) 

sintered at different temperatures measured at 750 °C. The inset shows the high-frequency 

portion of the diagrams and the equivalent circuit used to fit the impedance data. (b) and 

(c) Arrhenius plots of the series and polarization ASR, respectively, of the symmetrical 

cells. 

 

 

The EIS diagram and the total area specific resistance (ASRtotal) of the cells with the 

additional BL (LSCF/SDC/LSM-SDC/YSZ/LSM-SDC/SDC/LSCF) and without the 

bilayer (LSCF/ YSZ/LSCF) sintered at 1000 °C are shown in Figure 4 (a) and (b). The EIS 

data were fitted with the same circuit shown in Figure 3 (a). The cell without the bilayer 

exhibits more than a 40-fold increase in ASR compared to the cell with a bilayer (BL + 

NFL). This result emphasizes the importance of the ceria barrier layer to hinder the 

interface reactions between LSCF and YSZ. 

 

Notably, the addition of an SDC BL (sample BL + NFL) was found to determine a 

significant decrease in the total resistance as compared with the sample with just the NFL. 

Such a decrease was associated with a greater impact on the polarization resistance, which 

decreased almost by an order of magnitude, as seen when comparing the impedance 

diagrams of the cells treated at the same temperature in Figure 3 (a) and Figure 4 (a). It is 
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observed that the most important difference is in the arc of polarization resistance formed 

at high frequency (Rp1). The Rp1 value obtained from the fitted diagram is 0.43 Ω∙cm2 for 

the NFL at 1000 °C and 0.06 Ω∙cm2 when the SDC BL is added. The arc formed at high 

frequency can be attributed to interfacial impedance contributions at the electrode-

electrolyte interface (27,28). It is assumed that the presence of the SDC BL favours oxygen 

ion transport from the electrode to the electrolyte. 

 

 

 
Figure 4. (a) EIS diagrams of the symmetrical cells with BL + NFL (YSZ/SDC/LSM-

SDC/LSCF) and without the bilayer sintered at 1000 °C. The inset shows the expanded 

high frequency portion of the diagram. (b) Arrhenius plots of the total ASR of the 

symmetrical cells with NFL +BL and without the bilayer sintered at 1000 °C.  

 

 

To evaluate the electrochemical performance of the fuel cell, an anode-supported single 

cell with the bilayer (BL + NFL) and LSCF sintered at 1000 °C was tested at 750 °C under 

dry hydrogen and synthetic air. A durability test shown in Figure 5 (a) was carried out for 

700 h with a flow of 22 Nml∙min−1∙cm−2 and a current density of 0.3 A∙cm−2. Remarkably, 

an improvement of 267 m∙V∙kh−1 was observed during the first 200 h of the test followed 

by a slight degradation of 41.9 m∙V∙kh−1 during the following 500 h. Throughout 700 h of 

operation, the fuel cell improved 225 m∙V∙kh−1. The reported improvement in the cell 

provides evidence that the interfaces are still dynamic, and the nanostructured layers might 

have rearrangements leading the system to evolve towards a stable microstructure. Notably, 

a decrease in ASR for the LSM-SDC nanocomposite model system under thermal 

degradation (OCV conditions) was highlighted previously (25). Here, a similar behaviour 

is observed under SOFC operating conditions. 

 

The voltage drops that occur after ~600 h in Figure 5 (a) can be possibly attributed to 

a crack in the ceramic sealing of the fuel cell allowing a change in the pO2 of the chambers 

and could have a relation to the decrease in OCV after the 700-h test, as seen in Figure 5 

(b). It can be seen from the I-V curve of Figure 5 (b) that the electrochemical performance 

of the cell was practically constant during the 700 h of operation. The fuel cell presents an 

OCV of 1.1 V as expected for the selected temperature range. The reported values on the 

I-V curve shows a maximum power density value of 0.30 W∙cm−2 at 0 h and after 700 h 
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the maximum power density value has a slight increase to 0.31 W∙cm−2 at 750 °C. 

Highlighting the remarkable stability of the cell during operation.  

 

 

 
Figure 5 (a) Long-term durability test of the anode-supported single cell with the BL+NFL 

interlayers for 700 h at 750 °C, a current density of 0.3 A∙cm−2, under synthetic air and dry 

hydrogen, (b) I-V curves of the cell at 0 h and 700 h of operation measured at 750 °C under 

the same conditions. 

 
 

Conclusions 

 

Bilayers of Sm-doped ceria and LSM-SDC nanocomposites were successfully 

fabricated by the PLD technique. The layers showed a dense morphology with a thickness 

of ~200 nm each. The functional layers, upon optimization on symmetric cells, have been 

employed in anode-supported fuel cells, which demonstrated a stable performance through 

a durability test of 700 h with and an improvement of 225 m∙V∙kh−1
 during operation. Such 

a performance enhancement can be arguably attributed to the rearrangement of cations in 

the interlayers. There is a synergistic contribution of an effective dense diffusion barrier 

that impedes undesired cation migration between the cathode and electrolyte interface. 

Along with a more efficient charge exchange promoted by the composite functional layer, 

in which having an assembly of an ionic conductor (SDC) with a typical electronic 

conducting phase (LSM) with rationalized microstructure, facilitates oxygen reduction 

reaction. The findings demonstrate that the combination of thin and dense barrier layers 

and a nanostructured cathode functional layer is an effective method for nanoengineering 

interfacial layers for high-performance durable solid oxide fuel cells. 
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