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Abstract:
Recent studies in solid oxide fuel cells (SOFC), targets the reduction of operating temperature as well as retaining maximum
power output and reduced cost. A promising strategy is in the deposition of gradient porous cathode for use in SOFC at
lower temperature. This work is directed at studying the effects on surface morphology, film homogeneity and porosity of
lanthanum strontium manganite (LSM) on changing the precursor concentration, nozzle-to-substrate distance, deposition
temperature, and solution flow rate. The films crystalline phases, surface morphology and composition, were characterized
with the x-ray diffractometer, scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS). The
investigation revealed variations in the microstructure from dense to more porous LSM films at varying temperatures
ranging from 300 to 500℃, a solution flow rate in the range of 0.6 - 1.1ml/min, precursor concentration between 0.1 – 0.5M.
The crystal analysis revealed phase change from cubic to rhombohedral structure on annealing of the deposited film.
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1. Introduction
Global warming consequences have led the desire for decreasing dependence on hydrocarbon supplies and have led action towards
rapid development of alternative high efficiency energy technologies. These have resulted to the development and commercialization
of electrochemical energy storage like batteries and fuel cells. Fuel cells have shown to be promising alternative resources in efficient
and low emission power generation. Fuel cells are the electrochemical engines that convert the chemical energy from a fuel into
electricity through a chemical reaction of positively charged hydrogen ions with oxygen or another oxidizing agent with high
efficiency and low pollution (Khurmi and Sedha, 2014; Cha et al., 2006). Moreover, the waste heat from fuel cell can boost the entire
system efficiency and at the same time, pure water can be extracted from the process. Fuelcell are classified, based on the electrolyte
material, the substance that transports the ions. The electrolyte dictates the operating temperature of a fuel cell type. The principal
types include the alkaline fuel cell (AFC), proton exchange membrane (PEM) fuel cell, direct methanol fuel cell (DMFC), molten
carbonate fuel cell (MCFC), phosphoric acid fuel cell (PAFC) and solid oxide fuel cell (SOFC). According to Cartonet al. (2012),
proton-exchange membrane (PEM) and solid oxide, fuel cells (SOFC) with all solid components are currently the most attracting
technologies for automotive and stationary applications due to their potential for higher power and energy densities amongst fuel cells.
Solid oxide fuel cells (SOFC) are solid-electrolyte type of fuel cells that uses Yttrium stabilized Zirconia (YSZ) as the electrolyte.
SOFC are economical compared to other fuel cells because it possesses the highest power density in the range of 0.15 – 0.7Wcm-2,
fuel flexibility, variability of cell arrangement and non-requirement of expensive metal catalysts. These advantages are restrained by
high operating temperature (600 – 1000°C), and the ceramic nature of all component parts of the SOFC possess some major tasks
towards commercialization of the technology. Cost and durability are the main challenges in SOFC structure for the entire range of
possible applications (Yamamoto, 2000; Ormerod, 2003). One suggested solution is reducing the operating temperature SOFC to
intermediate temperature (500 –750°C) that will allow the use of cheaper materials in the entire cell and increasing life span of the
technology. However, moving to lower operating temperatures is the basis of some critical difficulties in functionality of the cell
components (Steele, 2000; Zuo et al., 2006).
Lanthanum strontium manganite (LSM), is considered as one of the most promising cathode materials for SOFC due to its high
thermal and chemical stability particularly with YSZ electrolyte (Neumann, et al., 2012).The main problem arises when lowering the
temperature results in increasing polarization resistance between LSM cathode and YSZ electrolyte (Sun et al., 2008; Fu et al., 2007).
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Recent studies have shown the potential of GdBaCoଶ Oହାδ and SmBaCoଶ Oହା୶ with layered and double-layered structures, respectively
for operations at reduced temperature due to low activation energy (Xia et al., 2016; Zhang et al., 2008). Although, some properties
may mark undesirable changes while others will improve using this trend. Lanthanum strontium cobaltite (LSC) shows electrical and
ionic conductivity at low temperature compared to LSM, however its thermal coefficient of expansion is much higher than those of
typical SOFC electrolyte (Sun et al., 2008).
Advanced fabrication techniques, to improve the microstructures that compensates for issues that would result in performance losses
due to low operating temperature are available. These techniques have established range of advantages over other method (Iwai et al.,
2010).However, processing techniques that are capable of cost effective and large-scale manufacturing of functional, porous and
nanostructured electrode with improved properties have being attempted (Hamedani et al., 2009; Li et al., 2006). The cathode
microstructure is one of the very important parameters determining SOFC performance, since the thermal stability and
electrochemical performance of SOFC depends on its chemical composition, microstructure and morphology of the electrode.
Therefore, graded electrode structure with a finer microstructure with porosity close to the electrolyte and coarser microstructure with
larger porosity away from it has to be developed (Shearing et al., 2010; Gostović, 2009; Gonget al., 2006).
Functionally graded material approach has been applied to SOFC components to combine benefits of compositional and
microstructural differences like porosity in some spatial direction into components design to increase the functionality of individual
layers at low temperatures (Greene et al., 2006).It is of interest that grading will reduce the thermal coefficient of expansion mismatch
between the electrode and the electrolyte resulting in improved adhesion, durability and mechanical stability of the cell components.
In review of the work towards studying the effect on the microstructure and morphology of the LSM film by changing deposition
parameters (Lintanf et al., 2008; Hamedani et al., 2008; Marinha et al., 2009), acrystalline graded permeable LSM cathode was
prepared for use in intermediate temperature SOFC by improving the preparation parameters by varying the solvent, temperature and
rate of solution flow.
2. Materials and Method
Spray pyrolysis, was used in this work for the deposition. The solution is prepared by dissolving the stoichiometric ratios of the
desired precursor into solvent using a magnetic stirring. The average spray time for deposition of a 50ml solution was between 30 –
45minutes depending on the spray conditions. Thereafter, cooling of the sample from the deposition temperature to room temperature
occurred at the rate of 5°C/minto 10°C/min.
2.1. Deposition of LSM Cathode
YSZ electrolyte substrates were prepared by compacting 8mol of yittra stabilized zirconia powders into pellet of 0.025m in diameter
and thickness of about 0.001musing a hydrostatic press. To make a dense electrolyte substrate, the pellets were heated to a
temperature of 1400°C, at the rate of 4°C/min, held for 1 hour and then cooled to room temperature at the same rate of 4°C/min. The
LSM solution was prepared from dissolvingLaሺTMHDሻଷ ,SrሺTMHDሻଶ and MnሺTMHDሻଷ as the precursors of La, Sr and Mn into
dimethylglycol at the ratios of0.8:0.2: 1 in that order and then sprayed to the YSZ substrate at 500°C with the oxygen and nitrogen gas
flow of 80 and 800ml/min respectively. The nozzle to substrate distance was constant at all time during any stage of the experiment.
The samples where annealed at 750oC for 4 hours and allowed to cool to room temperature. Spray pyrolysis in various speedtemperature spray phases, were performed to obtain the deposition of agraded porous LSM cathode on the YSZ substrate.
2.2. Characterization Techniques
The sample were characterized by using a FEI Nova Nano scanning election microscopes (SEM) for the morphology, pore sizes,
structure and distribution, surface and 3-Dcross sectional structure and microstructure changes with changing deposition parameters.
The analysis of the chemical composition of a sample was by the energy dispersive X-ray spectroscopy (EDS).The identification of
the crystalline phase of the materials was by the x-ray diffraction based on the Bragg’s law.
3. Results and Discussions
Figure 1 depicts the crystalline phase analysis of the sample before and after annealing. The peak indicates cubic YSZ substrate and
rhombohedral phase of LSM before and after annealing. The sharp peaks in the XRD patterns are apparently due to the LSM film nonamorphous formation. The sharp peaks also indicate increase of crystallinity after annealing. Overall, the samples indicate a slightly
porous microstructure resulting from very low deposition temperature.
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Figure 1: The XRD spectra of samples before and after annealing
Figure 2 shows SEM micrograph microstructures and cross section of the LSM cathode film deposited on a YSZ substrate before and
after annealing. The sample did not reveal surface crack as shown in Figures 1.2(a) before annealing and (b) after annealing. This may
be due to the small temperature difference between sprayed cathode and the YSZ surface. Examination of the film thickness, from the
cross sections shown in Fig. 1.3(a) and (b) reveals that the microstructure did not presentmany changes before annealing and after
annealing. Chemical analysis of the sample with EDS showed that the composition is not homogeneous throughout the film. The EDS
data obtained from various points on the sample exposed stoichiometry ratios, La:Sr:Mn = 0.8:0.2:1 after annealing.

(a)
(b)
Figure 2: SEM micrographof the LSM film (a) before annealing and (b) after annealing.
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(a)
(b)
Figure 3: Cross section of the LSM film (a) before annealing and (b) after annealing
3.1. Effects of Varying Temperature of the LSM Film
Figure 4depicts the effect of deposition temperature on LSM microstructure. The figure reveals the SEM cross sections of the samples
for varying deposition temperatures. At deposition temperatures of 300°C (Fig. 14), the resulting film structure included large circles
of the solid amorphous regions, embedded uniformly over the surface. Fig. 1.4(b) depicts the SEM at temperature of 400°C
observation showed pore growth and formation of doughnut-shape features within the film. Observations at temperatures of 500 °C
revealed the formation of identical dense layers as shown in Figure 4(c).Observation revealed that the most significant changes in
microstructure were at higher temperatures because at higher deposition temperatures the precursors decompose leading to the
formation of very porous film. Hence, varying temperature mostly affects film porosity and morphology.

(a)
(b)
(c)
Figure 4: SEM micrograph of the LSM film deposited at temperatures of (a) 300°C (b) 400°C and (c) 500°C.
3.2. Effect of Solution Flow Rate
Figure 5and Figure 6 show the effect of solution flow rate from 0.6, 1.1 and 1.6 ml/min on the microstructure of the LSM film
deposited at 500°C and 600°C respectively. At 500°C temperature, the film deposited using solution flow rate of 0.6ml/min looks
powdery as observed in Figures 1.5(a) compared to the films deposited at solution flow rates of 1.1ml/min (Figure 5(b)). At a solution
flow rate, of 1.6ml/min (Figure 5(c)) leads to formation of much thinner layers. Further, investigation showed that increasing the
solution flow rate at high temperatures led to a more agglomerated porous structure as shown in Figure 6(a) to (c). This is because of
high activation energy that will take less time for the droplet to spread over the substrate. Therefore, the solution flow rate is an
important factor in controlling the microstructure of the LSM film deposited.
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(a)
(b)
(c)
Figure 5: The effect of the solution flow rate on the microstructure of the LSM film deposited at
500°C at the flow rate of 0.6, 1.1 and 1.6ml/min respectively

(b)
(a)
(c)
Figure 6: The effect of the solution flow rate on the microstructure of the LSM film deposited at
600°C at the flow rate of 0.6, 1.1 and 1.6ml/min respectively
3.3. Effect of Nozzle-to-Substrate Distance
Figure 7depicts the effect of nozzle-to-substrate distance on LSM microstructure. The distance between the spray nozzle and the
substrate was varied within the range of 0.035m to 0.085m while the deposition, temperature and solution flow rate where keep
constant at 500°C and 1.1ml/min respectively. At the distance of 0.035m, the film formed was dense. At a distance of 0.065m, the
films formed was thin and dispersed on the surface of the substrate tend to form powder. Moreover, at a distance of 0.85m, only a
small portion of droplets can reach the surface of the substrate and therefore the spray efficiency is small. The effects of varying
nozzle-to-substrate distance on the surface morphology of the films produced did not appear to be critical.

(a)
(b)
(c)
Figure 7: Effect of nozzle-to-substrate distance on the microstructure of the LSM film, (a) 0.035m, (b) 0.065m and 0.085m.
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3.4. Effect of Precursor Concentration
The size and morphology of particles in the films showed to be dependent on the solution concentration while all the other parameters
are constant. The effect of changing the solution concentration results in changing the particle size. Observation showed significant
changes at the extremes of solution concentration by varying the solution concentration of Mn from 0.1M to 0.5M.Observation
showed that particles formed where large with a high degree of cluster at concentration of 0.05M, while there was formation of small
particles at concentration of 0.1M as shown in Figure 8. The films were more porous at high concentration, due to the formation of
large particles with a high degree of cluster. At low concentrations, the film formed a dense layer with particles that were implanted
orderly on the surface. According to Obasi et al. (2016), thin films appear to be more homogenous with decreasing concentration.

(b)
(a)
Figure 8: SEM cross sections of the LSM film deposited from (a) high and (b) low concentration precursor solutions at 500°C.
4. Conclusion
Spray pyrolysis techniques was used for the deposition of cathodes microstructure resulting to a variety of morphologies and porosity.
The result presented a homogeneous crack free deposition. The report presenting the investigation of the effect of temperature of
deposition, solution flow rate, nozzle-to-substrate distance and precursor concentration on the morphology and microstructure of LSM
thin film. It was evident that the temperature of deposition, the solution flow rate along and the solution concentration are responsible
for the characteristics of the deposited film. Control of the morphology and porosity of the microstructure of the films was based on
the effects of changing the deposition temperature in the range of 300 – 600°C,the solution flow rate from 0.6–1.1ml/min and
precursor concentration at 0.1M and 0.5M.Observation showed that the temperature at which the LSM films changed to the Perovskite
phase are significantly below the sintering temperature required for traditional methods of the film preparation. Hence, this work
brings the possibility of using spray pyrolysis techniques for fabrication of SOFC components with control over microstructure and
porosity of the films without requiring post annealing at high temperature.
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