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In this work (La0.75Sr0.25)0.97Cr0.5Mn0.5O3 (LSCM) perovskite 
powders were pre-coated with 5 wt% nickel and mixed with 
different amounts of CGO for testing as anode materials under 3% 
wet H2. By using scanning transmission electron microscopy 
(STEM) with X-ray energy dispersive spectroscopy (EDS), we 
demonstrated that Ni forms a solid solution in the perovkite phase 
under oxidizing atmosphere and exsolves in form of nanoparticles 
under reducing atmospheres. The presence of the catalyst 
nanoparticles led to a decrease in the anodic activation energy by 
half and thus the polarization resistance was dropped by 60% at 
800˚C. The effect of CGO amount will be also discussed.  

 
 

Introduction 
 

Ni/YSZ is the state-of-the-art anode material for solid oxide fuel cells (SOFCs). While it 
is well known for high performance with pure hydrogen and different hydrocarbons, this 
material presents serious limitations in realistic operational conditions. Particularly, 
carbon formation and sulfur poisoning, in addition to mechanical instability due to 
volumetric changes induced by redox cycling.   

 
   In the recent years, the interest in full ceramic anodes is remarkably increasing. 

These materials generally present higher stability with regard to redox cycling, sulfur 
poisoning, and carbon deposition. However, their anodic performance still needs 
improvement. The (La,Sr)Cr0.5Mn0.5O3 (LSCM) perovskite has been reported as a 
promising candidate with the required chemical and mechanical stabilities (1). Its 
performance limitations were usually attributed to its low electronic conductivity under 
reducing atmospheres (2).  

 
   In a previous work (3), LSCM powders, mixed with 15 wt% CGO, were pre-coated 

with 5 wt% of nickel obtained from nitrate salt decomposition. Under reducing 
atmospheres, nickel nanoparticles ranging from 10 to 50 nm appear on the surface of 
LSCM submicronic particles. This composition has demonstrated considerably lower 
anodic polarization resistance and about half activation energy comparatively to non-
coated LSCM anodes. It was strongly suggested that Ni forms a solid solution in the 
perovskite phase under oxidizing atmosphere and exsolves in form of nanoparticles under 
reducing atmospheres. 
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   In this paper, we demonstrate the above suggestion by using STEM-EDS. 
Moreover, the effect of CGO amount in the anode composition will be presented and 
discussed.  

 
 

Experimental Procedure 
 

         Anode compositions with x% LSCM + y% CGO + 5% Ni were fabricated and 
tested as working electrodes in half cell configuration. First, (La0.75Sr0.25)0.97Cr0.5Mn0.5O3 
(LSCM) powders from EMPA – Switzerland were ball milled in acetone with 
Ni(NO3)3•6H2O from Alfa Aesar. The mixture was then dried and heated up to 200˚C, as 
previously described (3). The obtained mixture was used along with Ce0.9Gd0.1O2-δ 
(CGO) powders from Praxair to prepare screen printable inks. A cathode (counter 
electrode) ink was fabricated using (La0.8Sr0.2)0.95MnO3 (LSM) from Praxair. A Pd/LSCM 
(with 72 vol% Pd) composite was used as anodic current collector (4). Zirconia pellets 
were used as electrolyte, prepared by pressing 8YSZ powders from Pi-Kem in a 25 mm 
diameter die. Dense pellets with 20 mm diameter and 2 mm thickness were obtained after 
sintering at 1500 °C for 3 h.   

 
   All samples were prepared by screen printing the above formulated inks onto YSZ 

pellets. The working electrode inks were fired at 1350°C for 1 hour, while the counter 
electrode was fired at 1100°C for 1 h. The samples were prepared in a half cell - three 
electrodes configuration, as described in (5).  

 
   The impedance measurements of the electrochemical half cells were recorded at 

800°C under pure H2 humidified with 3% H2O, using a Solartron 1287-1255 
combination, at open circuit voltage (OCV) with 20 mV ac signal amplitude in the 
frequency range between 105 to 10-2 Hz. The impedance diagrams were fitted using 
Zview software in order to define the associated resistances.  

 
   The sample for cross section TEM analysis was prepared by focused ion beam (FIB, 

Helios 400s, FEI) with lift out method. The lamella was thinned with Ga ion beam  
(30 kV, 0.28 nA) and cleaned at 2 kV and 47 pA. 

 
   Transmission electron microscopy of the samples was carried out with a Titan G2 

80-300 TEM from FEI Company (Hillsboro, OR), which was also equipped with an X-
ray energy dispersive spectroscope (EDS) detector and a high-angle annular dark-field 
(HAADF) detector for elemental analysis, and scanning transmission electron 
microscopy (STEM) analyses. 

 
 

Results and Discussion 
 

Nickel solution and exsolution in and from LSCM perovskite 
 
   LSCM powders were coated with Ni using a nitrate solution, and then used to 

formulate ink that was screen printed and fired in air at 1350˚C. As shown in Figure 1(a), 
LSCM particles present a very good crystallinity with nice and smooth surfaces. Some 
particles seem to be NiO, but no evidence of any coating of Ni (or NiO) on the top of 
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LSCM particles. Figure 1(b) shows the same sample but after reduction in Ar + 5% H2 at 
900˚C for 2 hours. The surface of LSCM particles becomes rough with very small 
nanoparticles on the top. Figure 1(c) shows the same sample after 20 hours reduction in 
the same conditions. Small nanoparticles in the 10 to 50 nm range were formed on the top 
of the LSCM larger particles. 

 
   Two scenarios are possible; either the nickel formed a very smooth and 

homogeneous layer of NiO, on the top of LSCM. Then, upon reduction the NiO film 
would have formed a porous layer of Ni that would coarsen and form the nanoparticles 
shown in Figure 1(c). The second possibility is that the Ni diffuses at high temperature 
inside the perovskite structure, and then exsolves under reducing conditions.  

 
   The first scenario is less plausible because the roughness and the nanoparticles seen 

in Figures 1(b,c) were observed only on LSCM and not on CGO pre-coated particles. The 
second possibility is more probable because Ni can be accommodated in the B site of the 
LSCM perovskite (6).   

 
 
    
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. SEM micrographs of LSCM pre-coated with Ni; (a) after sintering in air at 
1350˚C, (b) after reduction for 2 h under 5% H2 at 900˚C, (c) after reduction for 20 h 
under 5% H2 at 900˚C. 

(a) 

(c) 

(b) 
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Figure 2. STEM micrograph and corresponding EDS analysis of Ni pre-coated LSCM 
sintered in air at 1350˚C. 
 
 
 

 
 
 
 
 
 
  

Figure 3. STEM micrograph of Ni pre-coated LSCM sintered in air at 1350˚C and 
reduced at 900˚C in 5% H2 for 20 hours, and corresponding EDS analysis of (a) exsolved 
nanoparticle, and (b) particle bulk.  
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  In order to prove the solid state solubility of Ni in pre-coated LSCM, the samples of 
Figure 1 were used to make lamellar cross section samples using focused ion beam (FIB), 
for transmission electron microscopy (TEM) analysis. The samples prepared were about 
50 to 100 nm thin. This allowed us to cut-off the outer surfaces of micronic size LSCM 
particles. The lamellar samples were extracted from the bulk of particles in a way that the 
TEM beam would not go across the original outer surface of the particles that might, or 
not, contain any NiO coating.  

 
   Punctual STEM – EDS analysis on various spots in different lamellar cross sections 

of LSCM particles indicate the presence of Ni in the bulk of the perovskite particles 
(Figure 2). This demonstrates that Ni has diffused from the surface to the bulk of LSCM 
particles at high temperature in oxidizing conditions. The Ni would, most likely, go into 
the B site in the perovskite structure, which would increase the deficiency in the A site of 
the used LSCM phase. 

 
   The EDS analysis performed on the sample that was reduced for 2 hours showed a 

depletion of Ni in the bulk of the LSCM particles. However, its concentration gradually 
increases towards the surface of the particles. For the sample reduced in the same 
conditions but for longer time (20 hours), the EDS analysis showed almost no presence of 
Ni in the bulk of the particles (Figure 3). The nickel has exsolved in the form of 
nanoparticles on the top of the LSCM larger particles. 

 
Effect of Ni pre-coating and amount of CGO on anodic performance 

 
   Different LSCM based anodes with 15, 40, and 60 wt% CGO, and 5 wt% pre-

coated Ni were characterized in half cell – three electrodes configuration at 800˚C under 
pure hydrogen humidified with 3% of H2O.   

 
   As can be seen in Figure 4, the pre-coating with Ni reduces the polarization 

resistance Rp by about 60%. This is very probably due to the presence of the Ni 
nanoparticles on LSCM surfaces. The recorded Rp for the pre-coated samples were 0.71, 
0.67, and 0.77 Ω cm2 for samples with 15, 40, and 60 wt% of CGO, respectively. The 
slightly better performance of the sample with 40 wt% CGO is probably due to the 
percolation of the ionic conductive phase in the anode composition. The higher Rp 
recorded for the sample with 60 wt% CGO is maybe due to lower electronic conductivity 
because of the lower amount of LSCM in this composition.  

 
   Although the overall performance of the three pre-coated samples is comparable, 

their corresponding impedance diagrams are slightly different. A careful analysis of these 
diagrams as a function of the temperature and hydrogen flow rate may lead to some 
interesting information about the contribution of each component in the anodic process. 
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Figure 4. Impedance diagrams for LSCM based anodes with 15, 40, and 60 wt% CGO, 
and 5 wt% pre-coated Ni recorded at 800 °C under 50 mL/min pure wet H2 in half cell – 
three electrodes configuration 

 
 

Conclusions 
 
   In this work, the solid state solution and exsolution of Ni in LSCM perovskite was 

demonstrated using STEM-EDS analysis. The samples with anodes based on pre-coated 
LSCM present a considerable decrease in the anodic polarization resistance, most likely 
due to the presence of Ni nanoparticles on the top of LSCM particles that would 
considerably increase the catalytic activity of the functional anode.   
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