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Abstract: A perovskite Laj_,SryMnOj3 cathode thin film for an oxygen ion conducting solid oxide
fuel cell was prepared using a low power (8.8 kW) liquid solution plasma spray method. Usually, a
30-50 kW Ar plasma torch with temperature higher than all the melting points of solid precursors is
essential to synthesis oxides thin film. However, using the liquid precursors as the feeding materials,
the required power can be reduced and save a lot of thermal budget. The precursors are water
solutions of lanthanum nitrate hexahydrate, manganese(Il) nitrate tetrahydrate, and strontium nitrate.
The atomic percentage of La in the plasma sprayed La;_,SryMnOjs cathode film is lower than that of
La in the feeding precursor into the torch, which is due to the low boiling temperature of La(NOg3)3
precursor. The oxygen stoichiometry of La;_,SrxMnO3_s deduced from the valence state of Mn
measured by X-ray absorption spectroscopy shows an oxygen deficit structure. The measured low
resistivity of 0.07-0.09 Qcm at room temperature for this Laj_,SryMnOj_; is essential for oxygen
ion transport in the cathode thin film of a solid-state fuel cell.
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1. Introduction

The perovskite Laj_SryMnO;3_s (LSM) thin film is a common material for the cathode
of an oxygen ion conducting solid oxide fuel cell (SOFC) operated at high temperature (800
1000 °C), which can be used as a high efficiency small power station for a local community.
Usually, the SOFCs use hydrogen as the fuel without carbon emission. The efficiency can
be better than 60%, which is much higher than that of a traditional coal power plants
(32—40%) and nuclear power plants (25-33%). In an oxygen ion conducting SOFC, the
anode side collects electrons and converts the hydrogen into water vapor, while the cathode
side converts the oxygen molecules from the air into oxygen ions and emits electrons. The
oxygen ions generated from cathode then transports through the ceramic electrolyte to
the anode to react with hydrogen atoms [1-3]. Among the variety of cathode materials
studied for SOFC applications, perovskite materials are the most researched cathodes
for SOFC so far [4-6]. Manganese based perovskite, such as La;_,SryMnOj3, shows high
electrical conductivity and matched thermal expansion coefficient with conventional YSZ
(Yttria-Stabilized-Zirconia) electrolyte is the most popular cathode material in the high
temperature SOFC. A number of preparation methods, such as solid-state reaction, sol-gel
technique, hydrothermal synthesis, spray drying, co-precipitation, and combustion, have
been used for perovskite synthesis [7-9]. After the perovskite powder was obtained, usually,
screen printing and sintering were used to prepare the cathode film on the electrolyte layer
of SOFC. Plasma spray is an alternative method to prepare the thin films of SOFC. The
plasma spray consists of many advantages, such as high density, good adhesion, and ease
of mixing composite materials. Furthermore, by changing the concentration ratio of feeding
precursors, a graded layer on both sides of electrolyte can be prepared in order to match
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the gradual change in oxygen or fuel concentration near the electrolyte. A careful control
of the melting, quenching, and consolidation processes of the ceramic materials on the
substrate can be conducted by varying the deposition parameters, such as feeding rate,
the torch to substrate distance, and substrate temperature [10]. In the past, the plasma
spray method was applied on fabricating the electrolyte, anode, and cathode electrode
films [11-22]. However, most of the plasma sprayers need a high power in order to melt
all the feeding tiny solid powder precursors. For example, Kang et al. [13] used 35 kW
of plasma spray technique, Orlando et al. [14] used 37 kW, White et al. [15] used a torch
more than 50 kW, and Nie et al. used 31 kW [16] to coat the LSM materials. To reduce
the cost of plasma spray and save the thermal budget, continuously feeding the precursor
with liquid solution instead of feeding with nano-particle solid precursors, a lower power
plasma spray can be achieved. This Solution Precursor Plasma Spray (SPPS) method is
getting popular in coating electrolytes and electrodes of SOFC [17-22]. Using liquid phase
SPPS is more flexible to fabricate a graded chemical composition of cathode or anode on
the electrolyte of an SOFC. This graded electrode can be easily spray coated with SPPS
by changing the ratio of different kinds of the liquid precursors as function of time. In
addition, it can be easier to prepare doped materials by adding new components into the
liquid precursors.

In this work, we use the SPPS method to coat the cathode LSM thin film of SOFC with
a low power (8.8 kW) plasma spray torch. The resulting sprayed LSM films were tested and
material properties of the thin films were studied. Contrary to the solid precursor feeding
with a high-power plasma spray machine, we found that the chemical composition of LSM
thin film is deviated from the composition of precursors. The result is a drawback for the
low power plasma spray system with liquid solution precursors, but it can be compensated
easily by feeding different compositions at beginning. In the following, we will illustrate
this low power SPPS method for the fabrication of LSM thin film of an SOFC.

2. Experimental

Figure 1 is a schematic of a plasma spray machine built by Institute of Nuclear Energy
Research, Taiwan. The main chamber (20 cm long) of the sprayer is a plasma torch. The
distance between the torch and the substrate is 15 cm. The plasma torch is ignited under
10 L/min of Ar and then changed to N, as the operation gas. The typical operation
condition for N is 4 kg/cm? and 15 L/min monitoring by a rotameter (F311, Lorric
Inc., New Taipei City, Taiwan). The two-phase flow feeding nozzle consists of two input
channels, a liquid precursor input and an N, input as a carrier gas. The typical feeding rate
of liquid precursor is 0.5-1 mL/min, which is controlled by a peristaltic pump (BT100-2],
Longer Precision Pump Co., Hebei, China) with a load peristaltic pump head (YZ1515W,
Longer Precision Pump Co., Hebei, China). The typical operation current is 40 A and
the operation voltage is 220 V. The torch temperature was monitored using a pyrometer
(Endurance Series, EIMH, Fluke Inc., Everett, WA, USA) before the deposition. The
precursors are water solution of lanthanum nitrate hexahydrate (Sigma-Aldrich, 99.9%),
manganese (II) nitrate tetrahydrate (Sigma-Aldrich, 98%), and strontium nitrate (Riedel-de
Haen, 99%), each one with a typical 1 M in concentration. This solution is injected directly
into the torch. Figure 2 shows a result of Computation Fluid Dynamics (CFD) simulation
calculation [23] with temperature distribution in the arc of this plasma spray machine. At
this 8.8 kW power level, the maximum temperature in the torch is higher than 3400 °C. The
solution of precursor was injected in the torch at a position 1.2 cm from the beginning of
the torch where the temperature is around 2600 °C. This temperature is higher than the
required temperature of 800 °C to form LSM according to the ternary phase diagram [24]
of the LayO3, MnyO3 and SrO system. The injected solution was vaporized and dried
quickly. At the same time, all the nitrates were melted and formed the LSM particles at
downstream. Under this condition, the deposition rate of the cathode film was about
1.5 pm/min on the YSZ substrate. Typically, 100 pm thin films were prepared for material
characterizations. The resulting LSM thin films were then characterized by XRD (X-ray
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diffraction, 5020 diffractomter, Huber Diffraktionstechnik GmbH, Rimsting, Germany)
to determine the structures, XRF (X-ray Fluorescence, XR-100CR, Amptek Inc., Bedford,
OH, USA) and ICP-AES (Inductively Coupled Plasma- Atomic Emission Spectroscopy,
Avio 220 Max, PerkinElmer Inc., Waltham, MA, USA) to determine the composition; SEM
(Scanning Electron Microscopy, JSM-6700F, JEOL Ltd., Tokyo, Japan) operated at 20 keV
in secondary electron imaging mode to understand the morphology and XANES (X-ray
Absorption Near Edge Structure) on the Mn K-edge was used to determine the oxidation
states of Min in these SPPS thin films. The XRD and XANES experiments were carried out at
TLS17B and TLS17C beamlines at National Synchrotron Radiation Research Center, Taiwan.
These beamlines are installed with a Si(111) double crystal monochromator resulting in an
energy resolution of 0.2 eV [25]. For the resistivity measurement, a four-probe resistance
measurement was also performed to obtain the sheet resistance of the deposition film.

mput gas

mput precursor

view window water
sample holder cooling
system

gas output

Figure 1. Schematic plot of the plasma spray apparatus. Input carrier gas system in purple; input
liquid precursors system in green; the water cooling system in blue.
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Figure 2. The temperature distribution of the plasma torch by a CFD simulation.

3. Results and Discussion

The structure of deposited LSM thin films with the atomic percentage of La/Sr from
1:2 to 3:1 in precursor solutions were checked by the XRD as shown in Figure 3. The lattice
parameters can be fitted by a tetragonal perovskite phase using TEROR program [26].
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However, orthorhombic LSM phase can also be fitted quite well also. Coexistence of
tetragonal and orthorhombic cannot be ruled out. The lattice parameters of (100) as
functions of Sr compositions are shown in Figure 4, together with a few published lattice
parameters of LSM [27-32]. The lattice parameters (100) of our samples match quite well
with those previous results prepared by different process methods. Since the ion radius of
Sr?* (0.144 nm with coordination number of 12) [33] is larger than the ion radius of La®*
(0.136 nm with coordination number of 12) [33], as the atomic percentage of Sr increases, the
lattice parameter (100) shrinks. The diffraction peaks are broadened by the small particle
size of around 5-20 nm determined by the Scherrer’s formula. By measuring the diffraction
peak width of [200], [112] and [220], the coherent lengths of the nano-particles of LSM
showed twice more elongated around [110] direction, which indicates the nanoparticle
has a rod-like shape. The particle size of LSM can be tuned by the concentration of the
liquid precursors. The higher concentration of precursor usually results in a higher chance
of coagulation into larger particles. For example, for 1 M solution, the particle size is
usually 60% larger than that of using 0.1 M of precursor solution. This small particle
size is suitable for the electrode materials of a SOFC due to its higher surface to volume
ratio which provides more triple phase boundaries for the oxygen molecules to convert
into ions and transfer into the electrolyte with electron transport via electrodes. The XRD
also shows coexistence of many impurity phases and broaden peaks. The drawback of
the plasma spray system is the difficulty to control the composition within a short time
in torch, due to its non-equilibrium nature. The structure of the thin films depending
on the locations and temperatures inside the torch. The small impurity peaks are not
easy to be identified due to the complex composition of three precursor system. The
major impurity phase is LayO3 resulting in a loss of La atomic percentage in the final LSM
films. The broaden diffraction peaks might also indicate a mixed phase of tetragonal and
orthorhombic phases [27,31]. However, the major phase is still identified as tetragonal
phase. Nevertheless, these different phases also create high porosity in the plasma sprayed
film, which is beneficial for O, to penetrate into the cathode film of SOFC to improve the
rate of oxygen reduction reaction.
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Figure 3. The XRD pattern of plasma spray deposited Laj_,SryMnOj_;s films. The q = 47sinf/A
where 0 is the incident angle of X-ray and A is 0.124 nm, the wavelength of X-ray.
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Figure 4. The lattice parameters (100) in Laj _«Sr«MnO3 unit cells as functions of Sr atomic percent-
ages together with a few published lattice parameters [27-32].

Figure 5 shows the SEM picture of plasma sprayed LaMnOj3, StMnQOs, and Lag 5519 s MnOs.
We can see that the small nano-particles are aggregated into a cluster of a few pm. Porosity
can be found on the surface of the deposited film. By using the Image-J program [34], for the
plasma sprayed LaMnOs3, StMnOj the porosity is around 20% and for Lag 551 sMnOs3, 33%
of porosity is obtained. The morphology of Lag 551y sMnOj thin film is not as uniform as that
of LaMnOj3 and SrtMnQO3, because it needs three elements, La, Sr, and Mn, to form a doped
LSM, which is more complex than a two-precursor system. The particle size distribution of
the Lag 5519 sMnO;s film is also more dispersive than that of two precursor system.

4 micro meter

4 micro meter

4 micro meter

Figure 5. SEM pictures for LaMnOj (left), StMnOj3 (middle), and Lag 551y sMnOj3 (right). The upper
figures are magnified by 1000 times and the lower ones are 6000 times.

In order to study the calcination and reaction of the mixture of precursor solution
inside the plasma torch system, a series of different atomic ratios of La/Sr precursors were
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tested. We found the atomic ratios of La/Sr in the LSM thin films on the substrates are
different from those ratios added in the precursor solution at beginning. Figure 6 shows
the deviation of La/(La + Sr) ratio in the LSM samples determined by XRF and ICP-AES.
The atomic percentage of La in the plasma sprayed La;_,SrxMnOj3 cathode film is lower
than the atomic percentage of La feeding precursors into the torch. This might be due to
the evaporation pressure of each nitrate solution being different. When the mixed nitrate
solution was injected into the torch, the water vaporized first. Since the boiling point of
La(NO3)3 is 399 K, which is much lower than that of Sr(NOj3), (918 K), most of La(NO3)3
molecules were vaporized or decomposed first, while Sr(NOs), molecules travelled a
longer distance before completely evaporated or decomposed; a lower composition of
La/Sr ratio was found along the forward direction of the torch. We also scratched some
of the residual LSM powder from the chamber wall at a distance of 0 cm to 30 cm from
the torch, the La/Sr ratio of the sample decreases as the distance increases (see Figure 7).
This result again shows a loss of La(NOj3); vapor along the forward direction of the plasma
torch. To compensate the loss of La atoms on LSM films, an additional amount of La(NO3)3
molecules should be added in the liquid precursor at beginning.
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Figure 6. The deviation of La/(La + Sr) composition ratios in the plasma sprayed LSM films deter-
mined by XRF and ICP-AES to compare with that in the initial precursor solutions. The straight line
is the ratio of ideal case if the composition is not changed.
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Figure 7. The La/(La + Sr) composition ratio of LSM samples as a function of the distance from the
torch (close squares). The open square (blue) is the La/(La + Sr) composition ratio on the substrate
which 15 cm from the torch. The La/Sr ratio in the liquid precursor is 70/30 at beginning.

The catalyst function of LSM is to have oxygen reduction reaction on the triple phase
boundary and migrate the oxygen ions to the oxygen ion conducting electrolyte [35].
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When the LSM operated at high temperature, it usually possesses an oxygen deficit state,
especially when the oxygen pressure is not high [35,36]. In order to study whether the
oxygen vacancies were formed in the plasma sprayed LSM films, XANES study on the Mn
K-edge was performed (shown in Figure 8). The valence state of Mn in the sample can be
obtained from the K-edge shift of the XANES spectra using the linear interpolation among
the K-edges of MnO, Mn,03, and MnO, standard powder samples [37]. In this work, the
valence states of Mn of all samples on the substrates at different locations are within +3
and +4. Depending on the composition ratio of La/Sr, and the valence state of Mn, the
deviation of oxygen stoichiometry in the LSM can be determined. For example, in the case
of 2.5 M precursor solution with La/Sr = 3/1, which corresponds to the atomic percentage
of Sr of x = 0.5 & 0.05 of plasma sprayed film on the substrate, the Mn K-edge was found
at 6.5395 keV. This K-edges shift corresponds to a Mn valence state of +3.4 and gives rise
to an oxygen deficit of 6 = 0.05 £ 0.03. This oxygen deficit thin film enhances the catalyst
effect on oxygen reduction reaction [35] and is also beneficial to the oxygen ion transport in
the cathode film.
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Figure 8. A typical XANES spectra at Mn K edges of Laj_SryMnO;_s samples.

The resistivity of these LSM (x = 0.4-0.9) samples measured using four probe measure-
ments is within 0.07-0.09 Qcm at room temperature. The resistivity of our plasma spayed
films is close to the work previously reported [8,38,39] and two times smaller than the
results of Prabhakaran et al. [40], but ten times larger than the values reported by Ohtani
et al. [41]. The low resistance of these plasma sprayed films typically satisfy the resistivity
value of commercial cathode materials (0.01-0.1 Q)cm at room temperature), which also
shows that the cathode material prepared by this low power plasma spray is feasible for
fabricating the cathode film of an SOFC.

4. Conclusions

In summary, a low-power plasma spray method to prepare an LSM cathode film
for a SOFC was studied for the first time. To save the thermal budget, using the liquid
phase precursors as the feeding materials is essential to decrease the required power in the
preparation of LSM cathode films. The structure of the LSM films was characterized by
XRD, SEM, XRF, ICP-AES, four probe resistance measurement, and XANES and showed
that the material properties of SPPS LSM film is close to the bulk perovskite LSM structure
with nano-size grains of around 5-20 nm, which is suitable for SOFC applications. However,
a deficit of atomic percentage of La in the SPPS films were found in comparison to that
of initial feeding solution precursors. In order to control the right composition, more
concentrated La(NO3)3 solution in the precursors should be added to compensate the loss
of La in the torch. The liquid precursor plasma spray system can be operated at much
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lower power in comparison to those high-power plasma spray machines using the micro-
size solid precursors.
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