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La4Ni3O10-δ as an efficient solid oxide fuel cell cathode: 

electrochemical properties versus microstructure 

R. K. Sharma
a, b

, M. Burriel
c, d

 and E. Djurado
a, b 

The higher-order Ruddlesden-Popper phase La4Ni3O10-δ is prepared for the first 

time by electrostatic spray deposition (ESD) on CGO (Ce0.9Gd0.1O2-δ) electrolyte 

and evaluated as Intermediate Temperature Solid Oxide Fuel Cell cathode. 

Different and innovative microstructures are obtained by varying the deposition 

time, nozzle to substrate distance, substrate temperature, solution flow rate, 

concentration and solvents. Single phase La4Ni3O10-δ films crystallize in an 

orthorhombic layered Ruddlesden-Popper (n=3) structure after calcination at 950 

°C for 8 h in air and is maintained after further sintering at 1100 °C for 6 h in air. 

The surface morphology, observed by SEM-FEG, is strongly influenced by the 

solution concentration, the nature of the solvents and the deposition temperature. 

The electrochemical properties are found to be strongly dependent on the 

microstructure of the cathode films. The lowest polarization resistance values 

obtained for the double layer (3-D coral-type film by ESD topped by a screen-

printed layer) cathode are 2.01, 0.30 and 0.05 Ω.cm2 at 600 °C, 700 °C and 800 

°C, respectively. To the best of our knowledge, this La4Ni3O10-δ cathode shows the 

best performance reported to date for this composition. 
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1. Introduction 

The main objective of the current research on solid oxide fuel cells (SOFCs) is the lowering of the 

operating temperature from above 900 °C down to 700 °C (intermediate temperatures) in order to 

increase their lifetime and reduce the overall cost. However, the fuel cell performance degrades at lower 

temperature because of the larger overpotentials generated at the cathodic side and the larger ohmic losses 

in the electrolyte. Hence, the search for new mixed ionic-electronic conducting(MIEC) cathode materials 

is key, especially for improving the performance of Intermediate Temperature Solid Oxide Fuel Cells (IT-

SOFCs) working at 500–700 °C. 1-5 The Ruddlesden-Popper (RP) family compounds with general 

formula (Lan+1NinO3n+1; n=1, 2, 3) have been suggested to be promising candidates for cathode materials 

[6-8]. The total conductivity of RP phases has been found to increase with n. 6, 7, 9-11 In particular, the 

La3Ni2O7-δ and La4Ni3O10-δ compounds possess higher conductivity compared with La2NiO4+δ and also 

higher relative stabilities, which potentially could make them more suitable cathode materials for IT-

SOFCs. 6, 7, 12 As an example, the La4Ni3O10-δ electrode performance of symmetrical cells with 

La.9Sr.1Ga.8Mg.2O3-δ electrolyte was found the lowest one of the series (1 Ω cm2 at 1073 K). Nickelates 

have also received much attention because they exhibit high kinetics with a surface exchange coefficient 

of 1.3 x 10-7 cm.s-1 measured at 700°C.13 Moreover, it is worth to mention that the thermal expansion 

coefficient of La4Ni3O10-δ (13.2 x 10-6 K-1) has been reported to be close to the common SOFC electrolyte 

materials such as the ceria based electrolytes (CGO) (13.4 x 10-6 K-1) in air. 6 The similar TEC values 

guarantees the thermo-mechanical compatibility between cell components.  

Despite of the fact that several methods have been used for the synthesis of La4Ni3O10-δ: Pechini routes6, 

nitrate and citrate routes15, 16, solid-state routes 7, 17, and continuous hydrothermal flow synthesis method 
18; the higher members of the Lan+1NinO3n+1series, particularly n=2 and 3 are difficult to synthesize as a 

pure phase because they normally require prolonged homogenization and reheating procedures. 6, 15, 17 For 

example Amow et al. prepared La4Ni3O10-δ by the Pechini method at 1050 °C over 6 days with one 

intermittent regrinding step, 6, 19 whereas Takahashi et al. synthesized La4Ni3O10-δ by heating La2O3 and 

NiO at 1050 °C over 6 days with one intermittent regrinding step.7 Furthermore, Zhang et al. prepared the 

same composition by calcinations at 1100 °C for 4 ~ 5 days in air, also with several grinding processes. 16 
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This article reports, for the first time, the facile preparation of pure La4Ni3O10-δ films on CGO substrate 

by electrostatic spray deposition (ESD) followed by sintering in air. A systematic study of the effect of 

the ESD process parameters, such as deposition time, nozzle-to-substrate distance, substrate temperature, 

and the precursor solution, on the film microstructure is presented in order to optimize the La4Ni3O10-δ 

electrode microstructure, required to improve the electrochemical performance. The electrochemical 

properties in air are investigated by electrochemical impedance spectroscopy (EIS) versus the 

microstructure for high performance IT-SOFCs applications.  

2. Experimental 

To prepare the solutions containing precursors with a La:Ni mole ratio of 4:3 stoichimetric amounts of  

nickel nitrate hexahydrate (Ni (NO3)2 6H2O, 99.9%, Aldrich) and lanthanum nitrate hexahydrate 

(La(NO3)3 6H2O, 99.9%, Alfa Aesar) were added to citric acid (C6H8O7, 99.9%, Alfa Aesar) and ethanol 

(CH3CH2OH, >99.9%, prolabo, referred to as EtOH) into a 30 mL ethanol, ethanol-butyl carbitol 

(C4H9(OCH2CH2)2OH, Acros Organics, 99+%, referred to as BC) (1:2), and ethanol-distilled water (1:2) 

solution with vigorous stirring over 3h. The total concentration of metal ions was varied from 0.005 M to 

0.02M. The conductivity of each of the prepared solution was measured and is included in Table 

1together with the boiling points and surface tension. 20 

Electrostatic spray deposition (ESD), with several advantages over conventional deposition techniques 

such as a simple set-up and the use of inexpensive precursors, has been used to deposit La4Ni3O10-δ films 

on Ce0.9Gd0.1O2-δ (CGO) substrates (~19 mm in diameter) in a vertical set-up configuration 19, 21 under 

ambient atmosphere. ESD is based on electrohydrodynamic laws where a precursor solution is pumped 

through a metallic nozzle at a controlled flow rate. The solution is then atomized by applying a high 

voltage that generates an electrical field between the nozzle and the substrate. The electrical field 

generates the aerosol and directs it towards the substrate where the droplets spread, dry and decompose to 

form the film. The ESD raw coatings are amorphous. To crystallize the films a calcination step at 950 °C 

for 8 h in air was carried out after the deposition. The effect of the ESD process parameters (Table 2) such 

as deposition time, concentration, nature of the solvent, substrate temperature, nozzle to substrate distance 

and solution flow rate were investigated to control the film microstructure. 

X-ray diffraction (XRD, Philips X’Pert-MPD system, Cu Kα radiation, λ=1.54056 Å) was used to 

determine the crystal structure.The phase identification was carried out using International Centre for 

Diffraction data (ICDD). The positions of X-ray diffraction peaks as well as the cell parameters were 

obtained by refinement using Fullprof software. 22 Field emission scanning electron microscopy (ZEISS 

Ultra 55 instrument with field emission gun (FEG) was used for the morphology evaluation of the film 
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surfaces and cross-sections and Energy-dispersive X-ray spectroscopy (EDX) for the composition 

analysis. Four symmetrical cells, cathode/ CGO electrolyte / cathode, were used for the electrochemical 

studies.  

Ink for the screen-printing of the current collecting layer (CCL) was prepared using the KD2921 

(Zschimmer and Schwarz) solvent and nickelate powder, previously synthesized by sintering (950 °C/ 8 h 

in air) of amorphous powder obtained by the heating of the ESD precursor solution at 150 °C. For the 

double layer cathode, the La4Ni3O10-δ-based CCL was screen printed (SP) on the ESD films deposited on 

the CGO electrolyte (see Table 3) and then sintered under air at 1050 °C for 2h followed by 1100 ° C for 

0.5 h. The cathode area of each ESD prepared cathode was of 2.0 cm2 whereas for the double layer (ESD 

+ SP) of 1.54 cm2. Electrochemical Impedance Spectroscopy (EIS) measurements were carried out with a 

PARSTAT 302N in a symmetrical two-electrode configuration in air between 500 and 800 ºC. The 

measurements were performed in the frequency range from 50 mHz to 100 kHz with signal amplitude of 

0.02 V at open-circuit voltage, using Au grids (Heraeus, 1024 meshes/cm2 woven from 0.06 mm dia. 

wire) as current collectors. The impedance diagrams were fitted to equivalent circuits using the ZView® 

software (Scribner Associates). 

 

Table 1. Solvent composition, concentration, conductivity, boiling points and surface tensions of the 
precursor solutions. 20 

 

 

Solutions Solvent(s) 

 
Solution 

concentration  
(mol·L−1) 

  
Solution 

conductivity 
(mS.cm-1) 

 
Boiling 
point 
(°C) 

 
Surface 
tension 

(mN.m-1) 

 

SA EtOH + BC (1:2) 
 

0.02 
 

  
 
 

 
0.06 

 

 

168 

 
27 

 

SB EtOH, 100 % 0.005 
 

 
 

0.16 
 

 

78 

 
21 

 

SC EtOH, 100 % 0.01 
  

 
 

 
0.19 

 

 

78 

 
21 

 

SD EtOH, 100 % 
 

0.02 
 

  
 

 
0.26 

 

 

78 

 
21 

 

SE EtOH + H2O (1:2) 
 

0.02 
 

   
3.34 

 

 

93 

 
55 
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Table 2. ESD process parameters investigated to control the film microstructure. 

 

3. Results and discussion 

3.1. Structural characterization and elemental analysis 

Figure 1 shows the FULLPROF refinement of La4Ni3O10-δ film deposited on CGO at 350°C and calcined 

at 950 °C/ 8 h + 1100 °C/ 6 h in air. All the films crystallize in a pure orthorhombic cell regardless of the 

sintering conditions: (i) at 950 °C for 8 h in air, (ii) at 950 °C for 8 h in air followed by sintering of 1100 

°C for 6 h in air. No impurities or secondary phases can be observed even after the second calcination at 

1100°C. All diffraction peaks matched well those of La4Ni3O10-δ phase (ICDS #04-009-2594) and were 

indexed to an orthorhombic unit cell with the Fmmm space group (N° 69). The cell parameters of a = 

5.413(2) Ǻ, b = 5.462(3) Ǻ and c = 27.960 (5) Å, deduced from Fullprof software refinement, are found 

to be in good agreement with previously reported values. 6, 15, 17 The EDX spectrum, shown in Fig 2, 

confirmed the presence of La, Ni and O elements in the film with a La/Ni ratio of 1.28 ± 0.05, as 

expected. 

 

  

 
 

Process 
parameters  

Substrate 
temperature 
[°C] 

Deposition 
time 
[h] 

Flow 
rate 
[mL.h-1] 

Nozzle-to-
substrate 
distance 
[mm] 

  
Nature of 
solvent(s) 

  
Solution 
concentration[M] 

Deposition time 350 

0.5 
1.5 
2.0 
3.0 

1.5 50  EtOH 

  
 
 

 
 
0.02 
 

Solution 
concentration 350 3.0 1.5 50  EtOH 

 

 

 
0.005 
0.01 
0.02 
 

Nature of 
solvent(s) 350 3.0 1.5 50  

EtOH 
EtOH:H2O, 1:2 
EtOH:BC, 1:2 

  
 
 

 
0.02 
 

Substrate 
temperature 

300 
350 
400 

3.0 1.5 50  
 
EtOH:H2O, 1:2 
 

  
 

 
0.02 
 

Nozzle-to-
substrate 
distance 

350 3.0 1.5 30 
50  EtOH:H2O, 1:2 

  
 

 
0.02 
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Fig. 1. FULLPROF refinement of the XRD pattern of La4Ni3O10-δ film deposited by ESD at 350 °C on a 
CGO substrate and after calcination at 950 °C/ 8 h + 1100 °C/ 6 h in air.  

  

C0.9G0.1O2-δ 
La4Ni3O10-δ 

                Observed 
             Calculated 
             Difference (obs. – cal.) 
             Bragg Position 

ICDS #04-009-2594 (La4Ni3O10-δ) 

ICDS #04-013-6577 (Ce0.9Gd0.1O2-δ) 
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Fig.2. Typical EDX spectrum of the La4Ni3O10-δ film calcined at 950 °C for 8 h in air 

 
 

3.2. Microstructural characterization 

In a first step, ESD was systematically investigated for the preparation of various microstructures 

depending on five process parameters (see Table 2).The microstructure of the film deposited by this 

technique highly depends on the size of the droplets impacting the heated substrate. The droplet size is 

determined by the substrate temperature, the droplet flight time between the needle and the substrate 

during transport of the aerosol spray, and the precursor solution flow rate. Therefore the size of the 

droplets can be easily tuned in a controlled manner by changing the deposition parameters. Several 

studies have modelled how the solution properties and the deposition parameters determine the droplet 

size formed at the nozzle, 23, 24 being the Gañan-Calvo’s relationship the most consensual one 25: 

6/13
0~ 









K

Q
d

γ
ρε

(Equation 1) 

where d is the droplet diameter, ρ the density, ε0 the vacuum permeability, Q the flow rate, γ the surface 

tension and K the electrical conductivity of the solution.  
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3.2.1. Influence of the deposition time 

To study the evolution of the film growth and microstructure, La4Ni3O10-δ films have been prepared at 350 

°C varying the deposition time from 0.5 to 3 h while maintaining a pure EtOH solution, a nozzle to 

substrate distance of 50 mm, a flow rate of1.5 mL/h and a concentration of the precursor solution of 0.02 

M (see Table 2). A significant evolution of the surface morphology is evidenced over time (Fig. 3), 

especially between 0.5 h (Fig. 3-c) and 1.5 h (Fig. 3-f). As the deposition time was raised, an increase in 

particle agglomeration resulted from preferential landing of the aerosol droplets and from the lack of 

wetting on the substrate26 due to the nearly dry aerosol droplets. With increasing time, a larger number of 

droplets arrive on the substrate changing the smooth surface of the original substrate and creating some 

irregularities with higher curvature. The charges on the substrate surface induced by the strong applied 

electrostatic field concentrate more where the curvature is greater.27 So the charged droplets arriving at 

the surface will be more attracted towards these more curved areas. This is referred to as ‘‘preferential 

landing’’. This action will cause particle agglomeration, especially when the droplets are small and light. 

Hwang et al.
27 have shown that when the substrate roughness is increased, preferential landing is 

promoted leading to particle agglomeration. In our case, several agglomerates are clearly visible after 0.5 

h of deposition due to the preferential attraction (Fig. 3a) and this agglomeration increases with increasing 

time as shown in Fig.3d, 3g and 3j.The thickness was found to be about 6 µm in average after 0.5 h (Fig. 

3c), 15µm after 1.5 h (Fig. 3f), 18 µm after 2 h (Fig. 3i) and 26 µm after 3 h (Fig. 3l).  
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Fig. 3. SEM micrographs of the calcined (950°C for 8 h in air) ESD films using EtOH and 0.02 M salt 

concentration at T=350 °C, for a distance nozzle to substrate of 50 mm and a flow rate of 1.5 mL.h-1 after 

deposition time of: 0.5 h (a, b) surface, (c) cross section; 1.5 h (d, e) surface, (f) cross section; 2 h (g, h) 

surface, (i) cross section; 3 h (j, k) surface, (l) cross section.   

3.2.2. Influence of the precursor solution concentration 

The influence of the precursor concentration on the film morphology was studied for different salt 

concentrations of 0.005, 0.01 and 0.02 M (Figure 4). The other ESD deposition parameters were 

maintained constant at a flow rate of 1.5 mL.h-1, substrate temperature of 350 °C, 3 h deposition time, 

nozzle-to-substrate distance equal to 50 mm and using pure ethanol as the solvent (see Table 2). The 

measured electrical conductivity of the precursor solution decreases with the precursor concentration as 
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shown in Table 1, in good agreement with previous observations. 11 Having considered capillary 

equilibrium, liquid continuity and moment and charge continuity at the jet, Gañan-Calvo deduced the 

following relation for polar liquids: 

3/1
6/1~ 








K

Q
d rε (Equation 2) 

where Ɛr, d and Q are the relative permittivity of the solution, the diameter of the droplets emitted at the 

jet (the primary droplet size) and the flow rate of the solution, respectively. As a result, the primary 

droplet size depends on these 3 parameters. Thus for a given flow rate (in this case, 1.5 mL.h-1), the 

droplet size depends only on the conductivity of the solution provided that the permittivity of the solution 

is kept constant. For the ethanol solution, the permittivity is approximately 2 x 10-10 F m-1. 20 

As evidenced in Fig. 4a-d, a similar “cauliflower” like microstructure has been observed for the solution 

of concentration 0.005 and 0.01 M. Since the conductivity of the solution is quite similar (Table 1), a 

closed morphology with primary particle size of ~ 100 nm can be observed. When the concentration of 

the solution is increased to 0.02 M, some large, very porous and connected agglomerates are visible (Fig. 

4e, 4f). These round-shape agglomerates consist of finer particles of an approx. 50 nm diameter size. 

According to equation 2, a higher concentration and hence a higher conductivity (passing to 0.26 mS.cm-

1) will result in a smaller droplet size. They are smaller and lighter so their movement direction can be 

changed considerably by the attraction of induced charges at the substrate surface to form agglomerates.  
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Fig.4. SEM surface micrographs (at 2 different magnifications) of calcined (950 °C for 8 h in air) 

La4Ni3O10-δ ESD films obtained with a solution concentration of (a), (b) 0.005 M; (c) (d) 0.01 M; (e), (f) 

0.02 M, using pure EtOH at T=350 °C for a nozzle to substrate distance of 50 mm and a flow rate of 1.5 

mL.h-1 and after deposition time of 3 h. 

3.2.3. Influence of the solvent composition 

The physico-chemical properties of the precursor solution also play an important role in the ESD process 

and especially on the droplet size, which determines the morphology of the coating. In particular, the 

boiling point, conductivity and surface tension are crucial factors affecting both the evaporation of the 

solvents during the transport and the spreading of the droplets that impact the substrate. By changing the 

solvent composition, the layer morphology may also be modified. At a fixed optimized concentration of 

0.02 M three different solvent compositions of EtOH: BC(1:2), EtOH 100% and EtOH: water (1:2), 

referred to as SA, SD and SE (Table 1) have been selected to study their effect on the evolution of the 
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La4Ni3O10-δ film morphology. In this study, the other process parameters: substrate temperature, solution 

flow rate, nozzle-to-substrate distance and deposition time were fixed at 350 °C, 1.5 mL.h-1, 50 mm and 

3h, respectively (Table 2). The resulting microstructures are shown in Fig. 5. A larger particle size (~200 

nm) can be observed (Fig. 5a, 5b) when BC is added to EtOH (SA) in comparison to our previous 

investigation with SD (Fig. 5c, 5d) (~50 nm). According to equation 1, since the conductivity has been 

drastically reduced to 0.06 mS.cm-1 and the surface tension is of the same order of magnitude (Table 1), 

the droplet size is expected to be larger in SA, being mainly proportional to K-1/6. These larger particles 

also originate from the higher boiling point of the EtOH:BC (1:2) solution (SA, Table 1). Considering that 

the evaporation rate for SA is slower than that of SD (pure EtOH), a slower drying process is expected. The 

large liquid droplets of SA are expected to spread much more on the heated substrate than the smaller and 

drier droplets of SD. Consequently, the coating obtained from SA (Fig. 5a, 5b) presents a porous connected 

net with larger particles than the net of round shape agglomerates with finer grains in SD (Fig. 5c, 5d). 

The addition of H2O in EtOH (SE) leads to a higher conductivity of the precursor solution and larger 

surface tension (Table 1) than in SD and SA and, consequently, to a decrease in the droplet size (see 

Equation 1). However, the particle size observed in Figures 5e and 5f (150 nm) is not as small as the one 

in SD (50 nm, Fig. 5d). Indeed, we also have to consider the boiling point of SE which is larger than in the 

case of SD (93 °C against 78 °C, Table 1). This is the factor which is countering the effect of conductivity 

and surface tension parameters and may lead to intermediate final particle sizes (~150 nm) for SE (Fig. 

5f). In these conditions, a porous reticulation is observed with particle size ranging from ~200 nm (SA) 

(Fig. 5b), ~ 50 nm (SD) (Fig. 5d) and ~ 150 nm (SE) (Fig. 5f). 
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Fig. 5. SEM surface micrographs (at 2 different magnifications) of calcined (950 °C for 8 h in air) 

La4Ni3O10-δ ESD films obtained with solution of (a), (b) SA: EtOH + BC (1:2); (c), (d) SD: EtOH; (e), (f) 

SE: EtOH + H2O(1:2) with a solution concentration of 0.02 M at T=350 °C for a nozzle to substrate 

distance of 50 mm and a flow rate of 1.5 mL.h-1 and after deposition time of 3 h. 

3.2.4. Influence of the substrate temperature 

The substrate deposition temperature has been reported to be a main parameter, since the entire pyrolysis 

processes take place at or near the substrate surface.28 The temperature plays a role in conditioning the 

drying rate of the droplets during the flight, the rate at which they dry once deposited on the substrate, the 

way in which the droplets spread on the surface have an effect in the resulting microstructure. As 

observed by Nguyen et al.
29, a mere 5 °C difference is sufficient to modify the droplet size and thus, to 

radically change the resulting microstructure. For the solution SE, the evolution of the surface 

microstructure of the La4Ni3O10-δ films deposited at different temperatures ranging from 300 °C to 400 °C 
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is shown in Fig. 6. The precursor solution concentration, nozzle-to-substrate distance, flow rate and 

deposition time were fixed at 0.02 M, 50 mm, 1.50 mL.h-1 and 3 h, respectively. At 300 °C, cracks have 

been observed (Fig. 6a) which could be due to stresses developed during the drying process of a large 

quantity of liquid present on the substrate at this low temperature. When large droplets impact the heated 

substrate, simultaneous spreading and drying processes occurs. Consequently, large particles of 

approx.100 x 400 nm are obtained. As the deposition temperature was raised to 350 °C, the arriving 

droplets contained less solvent. Therefore the drying step is more homogeneous and smaller connected 

particles of ~ 150 nm are visible. The cracks disappeared and a porous reticulated La4Ni3O10-δ film is 

observed. An increase in particle agglomeration (Fig. 6c) resulted from preferential landing of the aerosol 

droplets and from the lack of wetting on the substrate 26 due to the nearly dry aerosol droplets. At higher 

temperatures drier particles arrive on the substrate changing the surface of the original substrate and 

creating some irregularities with higher curvature. On further increasing the temperature to 400 °C, no 

change in the particle size has been observed (Fig. 6d and 6e).  
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Fig.6. SEM surface micrographs (at two different magnifications) of calcined (950°C for 8 h in air) 

La4Ni3O10-δ films obtained by ESD at deposition temperatures of: (a), (b) 300 °C; (c), (d) 350 °C; (e), (f) 

400 °C with a solution concentration of 0.02 M for a nozzle to substrate distance of 50 mm and a flow 

rate of 1.5 mL.h-1 and after deposition time of 3 h. 

3.2.5. Effect of the nozzle to substrate distance  

The amount of precursor solution arriving onto the substrate is also controlled by the nozzle to substrate 

distance. The shorter the distance, the larger the amount of precursor solution deposited. Therefore we 

could expect to control the film porosity by changing the nozzle to substrate distance in the same way as 

the influence of temperature in terms of quantity of solution arriving on the substrate. Figure 7 shows 

surface morphologies of La4Ni3O10-δ films deposited at two different nozzle-to-substrate distances of 30 

and 50 mm using solution SE (Tables 1 and2). The solution flow rate, substrate temperature and total 

deposition time were fixed at 1.5mL.h-1, 350 °C and 3 h, respectively. The reticulated microstructures of 
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the films deposited at 30 and 50 mm are quite similar but are composed of nanostructured particles of ~ 

200 nm at only 30 mm and slightly smaller, ~150 nm for 50 mm (Fig. 7a-b and 7c-d, respectively). As the 

nozzle to substrate distance increases, it takes a longer time for the droplets to reach the substrate, 

allowing for a greater solvent evaporation and resulting in drier and smaller droplets when impacting the 

substrate. In both cases a 3-D coral-type microstructure has been obtained with a slightly more porous 

microstructure at 50 mm, with smaller connected particles. 

 

 
 

Fig. 7. SEM surface micrographs (at 2 different magnifications) of the calcined (950°C for 8 h in air) 

La4Ni3O10-δ films obtained at a deposition temperature of 350 °C, a deposition time of 3 h, a flow rate of 

1.5 mL.h-1 and a nozzle to substrate distance of: (a), (b) 30 mm; (c), (d) 50 mm with a SE solution of 

concentration 0.02 M. 

3.2.6. Selected La4Ni3O10-δ films microstructures for electrochemistry  

The electrochemical properties of the oxygen electrodes depend on their microstructure (percolation path 

between grains, particle size, porosity), on the electrolyte-electrode interface contact for oxygen ion 

transfer and on the current collection, to enhance the electronic conductivity. In order to study the effect 

of the La4Ni3O10-δ films microstructure on their electrochemical properties, we have selected three ESD 

film microstructures, which differ qualitatively in terms of the percolation path inside the electrode and of 

the quality of the contact at the La4Ni3O10-δ / CGO interface. These specimens consist of “isolated 

cauliflowers” (sample 1, Fig. 8a-b), connected round agglomerates (sample 2, Fig. 8d-e) and 3D coral-
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type microstructure (sample 3, Fig. 8g-h). The films were deposited at a substrate temperature, nozzle to 

substrate distance, flow rate and deposition time of, 350 °C, 50 mm, 1.5 mL.h-1 and 3h, respectively. The 

other ESD parameters such as nature of the solvents and concentration of the precursor solution used for 

such microstructures are given in Table 3, along with some characteristics of the microstructure. The 

porosity of the films was estimated by comparing the apparent film density with the La4Ni3O10-δ 

theoretical density. The apparent density was obtained by weighing the CGO substrates before and after 

the ESD film deposition and measuring the average film thickness and diameter. A porosity of 

approximately 95, 92 and 86 vol. % was estimated for the isolated cauliflower, connected round 

agglomerates and 3-D coral type microstructures, respectively. This large porosity indicates that plenty of 

space is available for oxygen molecules to transport in ESD film. These values are in good agreement 

with the porosity reported by Sar et. al. using FIB-SEM on the CGO/La0.6Sr0.4Co0.2Fe0.8O3-δ film also 

deposited by ESD. 30 Further all three electrodes are characterized by an average particle size varying 

from 50 nm (sample 2, Fig. 4f), to 100 nm (sample 1, Fig. 4d) to 150 nm (sample 3, Fig. 5f) with a 

difference in percolation and in the presence or absence of a continuous thin dense cathode layer between 

the electrolyte and the porous cathode. It is obvious from Fig. 8c and 8f that samples 1 and 2 do not have 

the continuous thin dense layer, whereas sample 3 (3D coral-type microstructure) and sample 4 (3D coral-

type microstructure topped by SP layer) do present a continuous and adherent interface (Fig. 8i). The 

origin of this thin dense layer is the lower evaporation rate and larger amount of the liquid in the charged 

droplet of EtOH + water (1:2) based precursor solution (used for samples 3 and 4) in comparison to the 

finer and almost dry droplets of the EtOH based solution (used for samples 1 and 2). As a consequence, 

the charged liquid droplets containing water, spread much more on the polished flat surface of the 

grounded substrate than a finer droplets containing EtOH. This leads to the formation of a continuous thin 

dense layer also improving the adherence of the electrode-electrolyte interface without the need of using 

high sintering temperatures. In these conditions, one can notice that ESD is the unique process able to 

deposit a thin dense layer with an active electrode in one step. Clearly, the percolation path in sample 2, 

composed of connected round agglomerates, is better than that of the isolated cauliflowers (sample 1). 

The percolation path is further improved for sample 3, with a 3-D coral-type microstructure. In order to 

further improve the lateral percolation and to ensure a better contact between the current collecting grid 

and the cathode, a double layer cathode (sample 4, Fig. 8j) was prepared by screen-printing (SP) a 20 µm 

thick current collecting layer of La4Ni3O10-δ on the top of the functional 3-D coral cathode (20 µm thick) 

(Fig.8g and 8h). As shown in Fig.8k, the screen-printed layer with primary particle size of 600 nm is 

partially penetrating the ESD functional layer in a depth of approximately 10µm. The total double layer 

thickness is 30 µm. 
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Table 3.Sample, microstructure, ESD coating conditions, sintering conditions (in air) and cathode thickness and particle size 

of the selected films for electrochemical measurements. 

Samples Microstructure 

 

 

Nature of 

solvent(s) 

 

 

Concentration of 

solution(s) 

Flow rate 

[mL.h-1] 

 

Sintering 

Temperature 

[°C] 

 

Thickness of 

the cathode 

[µm] 

 

 

Particle size 

[nm] 

Sample 1 Isolated cauliflowers SC 
 

0.01 1.5 
 

950/ 8h 38 
 

100 

Sample 2 
Connected round 

agglomerates 

 

SD 

 

 

0.02 1.5 

 

950/ 8h 26 

 

50 

Sample 3 3-D coral-type 

 

SE 

 

 

0.02 1.5 

 

950/ 8h 24 

 

 

150 

Sample 4 

Double layer 

(3-D coral-type + 

SP) 

 

SE 

 

 

 

0.02 1.5 

 

950/ 8h 

1050/ 2h+ 

1100/ 0.5h 

30 

 

 

150 (ESD), 

600 (SP) 
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Fig.8. SEM micrographs of the La4Ni3O10-δ cathode, sample 1: (a) surface, (b) cross section, (c) cross 

section of a selected region with discontinuous interface; sample 2: (d) surface, (e) cross section , (f) cross 

section of a selected region with discontinuous interface; sample 3: (g) surface, (h) cross section, (i) 

interface with a thin dense layer (TDL); sample 4 (double layer cathode (ESD + SP)): (j) surface (k) cross 

section, (l) interface with a thin dense layer (TDL). Samples 1-3 were calcined at 950 °C for 8 h in air 

whereas sample 4 at 950 °C for 8 h (after ESD) + 1050 °C for 2 h + 1100 °C for 0.5 h (after SP in air).  
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3.3. Electrochemical properties 

The electrochemical properties of the four selected La4Ni3O10-δ electrodes (samples 1-4, Table 3) 

deposited as symmetrical cells on CGO were investigated by EIS in air between 500 and 800 ºC at open 

circuit potential (OCP). Fig. 9 shows the impedance spectra of the four selected cathodes at 700°C 

presented on a Nyquist plot and Fig. 10 shows the equivalent electrical circuit model used to fit the 

impedance spectra. All experimental diagrams were fitted using a series combination of two resistance-

constant phase element parallel circuits (R1//CPE1 at high frequency, HF / (LF for sample 4), and 

R2//CPE2 at low frequency, LF / (very low frequency for sample 4)) connected in series with an 

inductance L1 and with series resistance Rs. The HF intercept of the diagrams on the real axis 

corresponds to the overall ohmic resistances (Rs, Table 4), including the resistive contributions of the 

electrolyte, electrode, leads, cathode and electrolyte interface and contact between electrode and grid. At 

700 °C, Rs decreases from 31.97Ω.cm² (sample 1), to 20.73 and 17.78 Ω.cm² (samples 2 and 3, 

respectively) (Fig. 9). This significant variation in Rs from sample 1 to sample 2 can be attributed to an 

improved contact between the electrode and the current collecting grid (surface view, Fig 8a compared to 

Fig. 8d). From samples 2 to 3 the contact at electrolyte/electrode interface improves, increasing the 

number of contact points between the cathode and the electrolyte (Fig 8i compared to Fig. 8f) due to the 

presence of a continuous thin dense layer. Indeed in the cases of sample 2 and 3, the constriction effect of 

the current lines is lowered since the contact between electrode and grid as well as interface between 

electrolyte and electrode both are better in comparison to sample 1 characterized by isolated cauliflowers. 

As we can see in Fig. 8c and 8f, samples 1 and 2 do not have continuous thin dense layer of cathode 

between the electrolyte and cathode, as is the case for sample 3 and sample 4 (Fig. 8i and 8l). A much 

lower Rs value could be expected for sample 3 in comparison sample 2 due to better contact of electrode 

with electrolyte at the interface (presence of thin dense layer, Fig.8l), however it is not found due to the 

poor contact between the electrode and the grid and hence to poor current collection (Fig. 8g). A clear 

reduction of Rs down to 3.43 Ω.cm² (sample 4, Table 4, Fig. 9d) is obtained when the ESD coral-type 

film is topped by a SP La4Ni3O10-δ layer. This SP layer leads to a flatter electrode surface (Fig. 8j) and 

hence to a better contact resulting in a better current collection. This means that SP La4Ni3O10-δ layer acts 

as a current collector layer (CCL). The polarization resistance (Rpol) which is used to quantify the 

magnitude of the electrode reaction, is defined as  

Rpol = Relectrode x S/2  

where Relectrode is the resistance difference measured between the value of the low frequency intercept of 

the electrode characteristic on the real axis and Rs. The surface area of each symmetrical electrode is 
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referred to as S and given in Table 4. According to the analysis, all electrode responses (samples 1-3) can 

be separated into two arcs (HF and LF ones respectively). The HF contribution is usually attributed to the 

charge transfer from the electrode to the electrolyte while the LF one is associated with the diffusion 

resistance, including the adsorption-desorption of oxygen, oxygen diffusion at the gas-cathode interface, 

and the surface diffusion of intermediate oxygen species. 31 
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Fig. 9.Nyquist plots for the La4Ni3O10-δ/CGO/La4Ni3O10-δ cells with different microstructure recorded in 

air at 700 °C in OCP conditions: (a) sample 1 (b) sample 2 (c) sample 3 (d) sample 4. The numbers over 

the diagram indicate the logarithm of the measuring frequency. 

 

Fig. 10. Equivalent electrical circuit model used for impedance spectra fitting. 
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Table 4. Microstructures, surface area (S), series resistance (RS), polarization resistance (Rpol) and activation energy (Ea) 

values in air for the 4 investigated samples. 

 

Samples Microstructure 
Surface area 

[cm2] 

RS at 

700 °C 

[Ω cm2] 

Rpol at 

700 °C 

[Ω cm2] 

Rpol at 

800 °C 

[Ω cm2] 

 

Ea 

[eV] 

Sample 1 Isolated cauliflowers 2.00 31.97 72.41 18.86 1.16 

Sample 2 
Connected round 

agglomerates 
2.00 20.73 12.78 4.20 0.91 

Sample 3 3-D coral-type 2.00 17.78 2.21 0.84 0.72 

Sample 4 
Double layer 

(3-D coral-type + SP) 
1.54 3.43 0.30 0.05 1.32 

 

Regardless of electrode microstructure, Rpol decreases by improving the percolation of the isolated 

cauliflowers (from sample 1 to sample 2) and decreasing the particle size from 100 nm to 50 nm (Table 

4). Indeed, the Rpol value for the “isolated cauliflower” cathode (sample 1) was found to be 72.41 Ω.cm² 

at 700 °C whereas for the “connected round agglomerates” cathode (sample 2) 12.78 Ω.cm². In SOFC 

operation, the cathode is devoted to reducing the available oxygen molecules into oxygen ions, O2-, 

especially in the vicinity of triple phase boundary (TPB) points. Consequently, the electronic conductivity 

must be maximized and sufficient porosity is required to facilitate gas permeation. The microstructure of 

the cathode is therefore fundamental in enabling access of oxygen, electrons and ionic species between 

the cathode and the electrolyte, as well as expanding the number of TPB sites by increasing the total 

cathode surface area. For the 3-D coral-type microstructure the Rpol value is further reduced to 2.21 Ω.cm² 

at 700 °C (sample 3, Table 4) favored by a simultaneous improvement of the percolation path (Fig. 8g) 

and of the electrode/electrolyte contact (Fig. 8h), whereas the particle size is around 150 nm. This is 

believed to result from the increase in the number of contact points between the CGO substrate and the 

porous cathode layer due to the presence of the intermediate thin dense cathode layer. The beneficial 

impact of the addition of an interfacial layer at the electrode-electrolyte has also been previously reported 

in the literature. 32,33 A decrease of the area specific resistance from 0.67 Ω.cm2 to 0.21 Ω.cm2 at 600°C 

was measured when 200 nm of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) film was deposited on 3Y-TZP, (ZrO2)0.97 

(Y2O3)0.03, electrolyte substrate by pulsed laser deposition (PLD) prior to the screen-printing of the porous 

LSCF cathode.32 In addition a decrease by 35% of the ASR was also reported using a La2NiO4+δ electrode 

when a dense thin electrode layer was added by PLD between the 3Y-TZP electrolyte and the screen-
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printed porous electrode.33 The presence of this layer is expected to improve the oxygen transfer towards 

the electrolyte. 

It can be observed that by the addition of the La4Ni3O10-δ current collecting layer (CCL) (sample 4) 

decreases the relative contribution of the HF response to the total electrode impedance. Indeed, for this 

double layer cathode, sample 4, only 1 arc is observed in the frequency range from 10 to 104 Hz in the 

plot (Fig. 9d). This is primarily caused by the total domination by Rpol (LF) and hence the low-frequency 

response of the sample 4 could be thought to be the rate-limiting step for this double layer cathode. On 

the other hand, a very small contribution at very low frequencies, appears at high temperatures (≥ 700 °C) 

and does not vary when the temperature is increased. Moreover the capacitance corresponding to this LF 

contribution is very high (of the order of 3.3 F.cm-2), which suggests that it is related with bulk processes 

such as the O2 diffusion in the gas phase.34 

A drastic improvement in the Rpol to a value as low as 0.30 Ω.cm² at 700 °C (Fig.9d) has been measured 

when the 3-D coral-type microstructure was topped by a La4Ni3O10-δ SP layer (Fig. 8). To the best of our 

knowledge this Rpol value is the lowest reported to date in the literature for La4Ni3O10-δ cathode. 35 This 

double cathode is characterized by a porous cathode functional layer (CFL) with a fine particle size (~150 

nm) of large surface area and good connectivity, as well as a good contact between the flat electrode 

surface (Fig. 8j) and the gold grid. In addition, this microstructure also possesses a good 

electrolyte/electrode contact (continuous thin and dense La4Ni3O10-δ layer (Fig. 8l) improving the oxygen 

diffusion towards the electrolyte), as proved by the low Rs value. This decrease in Rpol of roughly ~7 

times at 700 °C (16 times at 800 °C) in comparison to sample 3, can be attributed to the presence of a 

CCL which homogenizes the current distribution along the cathode functional layer (CFL), activating the 

whole volume of the cathode by avoiding any current constrictions and by increasing the lateral 

percolation. Remarkably, the Rpol obtained (0.05 Ω cm2 at 800 °C) of the double layer La4Ni3O10-δ 

cathode developed here on an CGO electrolyte is lower than those for cathodes of the same composition 

reported elsewhere deposited by brush coating on LSGM and by screen-printing on YSZ electrolyte (1.0 

and 0.15 Ω cm2, respectively, at 800 °C).6, 36 The Rpol (0.30 Ω cm2 at 700 °C) also presents a better 

performance than those of the composite and functionally graded composite of La2NiO4+δ/La4Ni3O10-δ on 

a LSGM electrolyte at 700 °C (0.62 and 0.52 Ω cm2, respectively) 37, 38 and even lower than the CGO 

/La4Ni3O10-δ composite 0.435 Ω cm2, at 700 °C. 39 As expected, Rpol decreases when the temperature 

increases (Fig.11, Table 4). The activation energies deduced from the Arrhenius plots (Fig. 11) are given 

in Table 4 and are in good agreement with the values reported in the literature. 6, 36, 39 Our study highlights 

the importance of the microstructure in improving the cathode performance and puts this La4Ni3O10-δ 

double layer microstructure as the best cathode reported to date for this composition. 
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Fig. 11. Arrhenius plot of the Rpol in air for La4Ni3O10-δ electrodes (OCP conditions) on CGO 

electrolyte,(a) sample 1, isolated cauliflower (b) sample 2, connected round agglomerates (c) sample 3, 3-

D coral type (d) sample 4, double layer cathode ( 3-D coral type + SP). 

4. Conclusions 

This paper reports the fabrication of porous, continuous and crack-free La4Ni3O10-δ cathodes on 

Ce0.9Gd0.1O2-δ substrate by electrostatic spray deposition. Pure single phase La4Ni3O10-δ films were 

obtained after calcination at 950 °C for 8 h in air, crystallizing in an orthorhombic symmetry. Various 

microstructures such as isolated cauliflowers, connected round agglomerates and 3-D coral-type films, 

have been obtained by optimizing the ESD key process parameters. Longer deposition times, favored 

preferential landing of the aerosol droplets and particle agglomeration. By increasing the substrate 

temperature and the nozzle to substrate distance, continuous and porous films can be obtained. The 

addition of 67% vol. water to pure ethanol gives a 3-D coral type microstructure with a continuous, dense 

thin layer adjacent to the electrolyte. It has been clearly shown that the electrochemical properties of these 

La4Ni3O10-δ cathodes strongly depend upon the microstructure. Rpol improves from 74.94 to 12.78 and 

then to 2.21 Ω.cm2 by changing the microstructure from isolated cauliflowers to connected round 

agglomerates and then to the 3-D coral-type microstructure, thanks to an improved percolation path and a 

better electrolyte/electrode contact. Moreover the Rpol value of the 3-D coral-type microstructure 

decreases down to 0.30 Ω.cm2 at 700 °C after improving the current collection by adding a La4Ni3O10-δ 

SP layer on top. To the best of our knowledge, this polarization resistance value is the lowest for this 

composition in the present literature. 
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