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Strontium doped lanthanum manganite (La1xSrxMnOs3 -LSM) is the conventionally
used oxygen reduction electrocatalyst in solid oxide fuel cell cathodes. In recent
years, Sr-segregation at the LSM surface has been shown to occur and limit oxygen
reduction performance. Therefore, the effect of Sr-doping on the microstructure
development and performance of liquid precursor-derived LSM film electrodes
with different Sr-contents was investigated in this study. It was found that as Sr
content increased, LSM structure became amorphous, which is beneficial for the
electrochemical performance. Despite this fact, the undoped LaMnO3s film
performed better in comparison to heavily Sr-doped LSM, likely because of Sr-
segregation at the Sr-doped electrode surface. These results suggested that trying
to avoid Sr doping in LaMnOs electrodes may be a good strategy if its
microstructural instability could be addressed, to achieve high performance solid
oxide fuel cell cathodes.

STRONSiYUM KATKISININ LA1.xSRxMNO3 FILMLERININ MiKROYAPI GELiSiMi VE
ELEKTROKIMYASAL PERFORMANSI UZERINE ETKIiSI

Anahtar Kelimeler

0z

Ince Filmler,

Polimerik Onctiller,
Perovskit Katot,

Stronsiyum Segregasyonu,
Elektrokimyasal Performans.

Stronsiyum katkili lantanyum manganez oksit (La1xSrxMnO3s -LSM), kat1 oksit yakit
hiicresi katotlarinda geleneksel olarak kullanilan oksijen indirgenme
elektrokatalizoriidiir. Son yillarda LSM yiizeylerinde Sr birikmesi meydana geldigi
ve bunun oksijen indirgenme reaksiyonunu engelledigi gozlemlenmistir. Bu
sebeple, bu calismada sivi ¢ozelti temelli yontemlerle iiretilen LSM film
elektrotlarinda Sr-katkisinin mikroyap1 gelisimi ve performans iizerine etkisi
calisilmistir. Sr katki miktari arttikca LSM yapisinin performansi arttiracak sekilde
amorflastigl goriilmistir. Fakat buna ragmen, katkisiz LaMnO3 filminin, yiiksek
miktarda Sr katkisi iceren LSM filmine gore daha yiiksek performans gosterdigi
tespit edilmistir. Bunun da yiliksek miktarda Sr iceren LSM filminin yiizeyinde Sr
segregasyonu meydana gelmesinden kaynaklandig1 hipotezi olusturulmustur. Bu
sonuglar, yliksek performans gosteren kati oksit yakit hiicresi katotlarinin elde
edilebilmesi i¢cin LaMnOs elektrotlarinda mikroyap1 kararhligi saglanabildigi
taktirde Sr-katkisindan kaginilmasinin verimli bir strateji olabilecegini
gostermektedir.
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Highlights

e The necessity of Sr-doping in LSM electrocatalysts was investigated.
e Strontium segregates at the outer surface of LSM, causing the formation of insulating SrO phase.
e As Sr content increases, crystallinity decreases and electrochemical performance decreases.

Purpose and Scope

The aim of the paper is to investigate the correlation between the Sr content in LSM and the Electrochemical
Performance and to revaluation the necessity of Sr doping to LSM electrocatalyst.

Design/methodology/approach

To investigate the necessity of Sr content in LSM, three types of La1.xSrxMnOs (x=0, x=0.2 and x=0.4) films were
prepared using polymeric precursors. Microstructure and electrochemical performance of cathodes were
investigated by scanning electron microscopy and electrochemical impedance spectroscopy, respectively.

Findings
As Sr content increased, crystallinity decreased, which decreased electrochemical performance. This result

suggested that Sr doping may not be required for high performance if nanocomposite electrodes with Sr-free
LSM could be fabricated.

Originality
We investigate the effect of Sr content in LSM thin film cathodes fabricated by polymeric precursor method on
the microstructure evolution and electrochemical performance for the first time in the literature.

" Corresponding author: aycaneksioglu@gmail.com, +90-262-605-2662
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1. Introduction

Solid oxide fuel cells (SOFCs) are devices that convert to chemical energy to electrical energy with high efficiency
(up to %80). A typical SOFC consists of three main components known as anode, cathode, and electrolyte. Oxygen
reduction and hydrogen oxidation reactions take place at the cathode and anode, respectively (Cooper and
Brandon, 2017). Anode and cathode materials need to have high electrical conductivity, high catalytic activity for
electrochemical reactions and must be compatible with other cell components (Cooper et al., 2017).

Strontium doped lanthanum manganite (LaxSr1-xMnOs, LSM) is the conventional and most widely investigated
cathode material for SOFCs. Partial substitution of lanthanum with strontium is considered to lead to hole
formation, which, in turn, results in high electronic conductivity [Ping Jiang, 2008; Brankovic et al., 2010). LSM is
mainly used in the form of a composite with the generic ionic conductor material - yttria stabilized zirconia (YSZ),
which leads to the formation of electrocatalyst - ionic conductor - gas (pore) triple phase boundaries where the
electrochemical reactions predominantly take place (Kenji and Nishiya, 1992; Perry Murray and Barnett, 2001;
Tsai and Barnett, 1997; @stergard et al., 1995; Song et al., 2007).

A significant problem with LSM and similar perovskite materials with Sr2+ substitutions at La3*sites is that due to
the larger ionic radius of Sr2+ in comparison to that of La3* and the electrostatic attraction of oxygen vacancies at
the surface, Sr?* segregates to the outer surface and forms resistive SrO/Sr(OH)z2/SrCOs3 species, causing
performance degradation when subjected to high temperatures during fabrication or operation (Eksioglu et al,,
2019; Cai et al,, 2012; van der Heide et al., 2002; Majkic et al., 2004; Yu et al,, 2016; Khan et al., 2021; Francois et
al, 2021; Niu et al.,, 2021; Hong et al,, 2021). This phenomenon has been observed in many forms of similar
materials, namely, pulsed laser deposition (PLD) derived Lao.sSro.2C003-5 (LSC) and LSM films (Kubicek et al., 2011;
Lee et al,, 2013; Huber et al,, 2012), bulk (La, Sr) (Co, Fe)O3 (LSCF) ceramics (Oh et al., 2012) and porous LSM
electrodes fabricated by screen printing/sintering (Caillol et al., 2007). More recently, our attempts on the
fabrication of LSM-samarium doped ceria (LSM-SDC) nanocomposite electrodes from a single polymeric precursor
has also revealed the formation of a thin SrO top layer (Eksioglu et al., 2019). Switching the divalent Sr dopant to
Ca reduced the dopant segregation amount and consequently, increased the performance but did not eliminate
dopant segregation entirely (Eksioglu et al., 2019).

In the present work, we investigate the effect of Sr content in LSM thin films fabricated by polymeric precursor
method on the microstructure evolution and electrochemical performance for the first time in the literature. X-ray
diffraction method was used for phase determination and scanning electron microscopy and electrochemical
impedance spectroscopy were used for investigation of microstructure and electrochemical performance of
cathodes, respectively. Previously, Turky vd., investigated the effects of Sr content on the optical, electrical and
magnetic properties of LSM, but they have not investigated their high temperature oxygen reduction properties
(Turky et al,, 2017). The results of this study show us that the necessity of Sr-doping into LaMnOs3 perovskite
materials may need to be re-considered for solid oxide fuel cell cathode applications.

2. Experimental Section
2.1. Fabrication of LSM Films

Polymeric precursor method was used to prepare thin film electrodes. Polymeric La1xSrxMnO3 (x=0, 0.2 and 0.4)
precursors were prepared by dissolving metal salts, La(NO3)3-6H20 (299, Fluka), Mn( NO3)2:4H20 (299, Sigma-
Aldrich), and Sr( NO3)2 .H20 (299, Sigma-Aldrich) in 10 gr distilled water and 10 gr ethylene glycol (C2He02) added
into the aqueous solution. Cation to ethylene glycol molar ratio was kept at 0.02. Then, to remove all the water and
allow for polymerization, the solution was kept on the magnetic stirrer at 80 °C and the total weight of the solution
was frequently measured with time. When the total weight loss was equal to the water amount in the solution
(added water + crystalline water present in the nitrates) the process was ended. To improve the wetting quality
of the precursors, 10 gr of 2-butoxyethanol was added to the solution. The synthesized polymeric precursors were
applied onto the yttria stabilized zirconia (YSZ) electrolyte substrate via spin coating. The YSZ substrates were
produced by die pressing of YSZ powders (Tosoh Corp., 8 mol % yttria) and their subsequent sintering for four
hours at a temperature of 1400 °C. LSM precursor depositions onto the YSZ substrates were carried out at 3000
rpm spinning speed. The coated film was dried by heating on a hot plate from 50 to 350 °C slowly to avoid crack
formations. This deposition/drying cycle was performed fifteen times to get the appropriate cathode layer
thickness. As a result, a solid, well-adhering, amorphous film was obtained on the YSZ substrate. LSM depositions
have been applied to both sides of the electrolyte substrate to achieve symmetrical half-cells in the
electrode/electrolyte/electrode arrangement. The three types of samples with La1xSrxMnOs (x=0, 0.2 and 0.4)
compositions were coded as LSM-0, LSM-02 and LSM-04, respectively. The complete fabrication route is visually
illustrated in Figure 1.
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Figure 1. Schematic diagram of LSM thin film cathode fabrication using polymeric precursor method

2.2. Thermal Characterization

Differential thermal analyses and thermal gravimetric analyses (Netzsch STA 449 F3 at 30-800 °C) were used for
the thermal analyses of LSM gels.

2.3. Structural Characterization

Phase analyses of fabricated LSM films on YSZ electrolyte substrates were investigated using X-ray diffraction
(XRD, Rigaku D/max 2200) method using Cu Ka radiation. XRD measurements were performed on LSM thin film
cathodes after heat treatment at 500, 600 and 700 °C for 2 hours and after 100-hour exposure to 700 °C.

2.4. Microstructural Characterization

Evolution of film microstructure was determined by scanning electron microscopy (SEM) after annealing the
specimens at specified temperatures (500, 600 and 700 °C) for the period of two hours. Further SEM analyses
were carried out after 100 hours of exposure to 700 °C. SEM analyses were performed using Philips XL 30 S FEG.

2.5. Electrochemical Characterization

The electrochemical characterization of electrode films was carried out to investigate the oxygen reduction rate
on LSM electrode films by electrochemical impedance spectroscopy (EIS), which allows the detection of resistive
and capacitive elements of electrochemical processes with different time constants. To perform EIS
measurements, symmetrical half-cell samples were prepared by applying the silver paste onto both electrode
surfaces using a brush and drying on a hot plate at 120 °C. Silver did not block the LSM surface because the
deposited Ag layer is porous, which allows oxygen gas transportation to the LSM surface (Demirkal and
Buyukaksoy, 2019). Later, for generating the electrical connection, silver wires were attached to the silver current
collectors with ceramic adhesive paste. The electrical contacts were placed onto the films and the EIS
measurements were commenced. The EIS analyses were performed at 700 °C, in air, which, considering that LSM
films were not exposed to temperatures higher than 350 °C, meant that the films underwent heat treatment in situ.

3. Results and Discussion
3.1. Thermal Analysis

Effect of Sr content on the thermal behaviour of the LSM (La1xSrxMn03;x=0, 0.2 or 0.4) precursors was investigated
via DTA-TGA analyses performed on gels dried from polymeric solutions (Figure 2). A significant mass loss
accompanied by an exothermic peak was observed at two temperatures, one at around 200 °C and the other at
around 450 °C in all samples (Figures 2a-c). Evidently, with increasing Sr content, the amount of mass loss at 200
°C decreased, while that at 450 °C increased (Figures 2a-c). Eksioglu et al investigated the effects of nitric acid
addition on the properties of similar polymeric precursors and reported that the sharp mass loss at 200 °C was
caused by the burnout of organics, which evolved into a more gradual mass loss at a temperature range of 200-
400 °C upon enhanced degree of polymerization (Eksioglu et al., 2023). In the present case, it is possible that Sr
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addition somehow enhanced the degree of polymerization and allowed for a more gradual mass loss, rather than
an abrupt one at 200 °C. 700-800 °C region in the DTA-TGA plots also exhibit dependency on the Sr content. While
LSM-02 and more pronouncedly LSM-04 exhibit weight losses in this region, LSM-0 does not undergo such a
process within this temperature range. In the literature, Stevenson et al., also reported that perovskites exhibited
a weight loss at the 600-1000 °C, which shifted to lower temperatures and became more pronounced with
increasing Sr content (Stevenson et al., 1996). This was linked to oxygen loss, i.e., increasing & in (La, Sr) Mn03-§,
which corresponds to formation of oxygen vacancies (Stevenson et al., 1996).
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3.2. Phase Analysis

X-ray diffraction (XRD) analyses were carried out on LSM films on YSZ substrates after heat treatment at 500, 600
and 700 °C for 2 hours and upon a 100-hour exposure to 700 °C. For facile comparison of the crystallinities of
different samples, XRD data were plotted so as to make sure that the maximum value of the vertical axis is 20%
higher than the peak value of the highest intensity peak. Only YSZ peaks coming from electrolyte substrate were
observed in XRD patterns of LSM-0 samples after heat treatment at 500 or 600 °C (Figure 3a). Increasing the heat
treatment temperature to 700 °C resulted in the formation of rhombohedral phase (Figure 3a). The intensity of
the most intense peak of this phase was similar to that of the YSZ electrolyte (Figure 3a). In the case of LSM-02,
crystallization of the rhombohedral phase was also possible only at 700 °C, but in this case, the intensity of the
most intense peak of the rhombohedral phase was ca. half that of the electrolyte (Figure 3b), indicating a smaller
degree of crystallization in comparison to that of LSM-0 (assuming similar thickness and porosity). In the case of
LSM-04, no peaks belonging to LSM was found, suggesting that the LSM phase remained amorphous (Figure 3c).
These results suggest that Sr doping inhibits the crystallization of LSM from liquid precursors in this condition. It
should also be noted that the resistive phases that form at the LSM electrode/YSZ electrolyte interfaces (such as
La2Zr,07) when conventional high-temperature fabrication techniques are used (Mitterdorfer and Gauckler, 1998)
were not detected in the present case, likely due to the lower fabrication temperature used in the present case
(i.e,700 °C).

Upon long-term annealing, LSM-04 remained amorphous, while the YSZ / LSM peak intensity ratio increased in
the case of LSM-0. The ratio of the YSZ and LSM peaks indicates how much signal is detected from the LSM film
and the YSZ substrate. This phenomenon likely originated from the pore formation at the grain boundaries of LSM-
0 and the solid-state de-wetting of the LSM film, which exposed the YSZ substrate surface and hence, allowed a
higher intensity of x-rays diffracted from the YSZ substrate to arrive at the detector. In the literature, Turky et al.
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investigated the effect of Sr content on the phase formation of La1-xSrxMnO3 powders synthesized by citrate gel
method (Turky et al., 2017). They have found that the perovskite phase formed even when x=0.2. The discrepancy
between their study and the present one likely originated from the high calcination temperatures (800-1000 °C)

they utilized (Turky et al,, 2017).
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Figure 3. XRD patterns of a) LSM-0, b) LSM-02 and c) LSM-04 thin film cathodes after heat treatment at 500 °C, 600 °C and

700 °C for 2 hours
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Figure 4. XRD patterns of LSM-0, LSM-02 and LSM-04 thin film cathodes after heat treatment at 700 °C for 100 hours
3.3. Microstructural Analysis

Figure 5 shows SEM images of the top surfaces of YSZ substrate Figure 5a) and LSM films after heat treatment at
500, 600 and 700 °C for 2 hours and after 100 hours of heat treatment at 700 °C, in air (Figure 5b-m). Particles
with diameters of ca. 125 nm were observed on the surface of LSM-0 film, which, otherwise had a featureless
morphology after heat treatment at 500 °C for 2 hours (Figure 5b). With increasing heat treatment temperature,
the surface particles disappeared, and nucleation and growth of grains took place (Figure 5c and d). A similar trend
was observed in the case of LSM-02, but with a more limited grain growth achieved at 700 °C (Figures 5f-h). No
grain formation was identified in the case of LSM-04 films, regardless the heat treatment temperature (Figures 5j-
1). 100-hour exposure to 700 °C did not cause significant microstructural change in LSM-02 and LSM-04. On the
other hand, significant grain growth and even separation of grains at grain boundaries due to solid-state de-
wetting was observed in the case of LSM-0 (Figures 5e, i, m). In general, the formation and growth trends of grain
were in agreement with the XRD results.

YSZ

LSM-02 LSM-04
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700°C-100h

e i aliam so0en f M
Figure 5. Top surface SEM images of a) YSZ and b-m) LSM films heat treated at 500 - 700 °C, in air for either 2 or 100 hours
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3.4. Electrochemical Analysis

To investigate the electrochemical performances of thin film cathodes, EIS analyses were performed on
symmetrical half-cells in the electrode/electrolyte/electrode configuration at 700 °C. Figure 6 shows the Nyquist
and Bode (inset) plots of thin film electrodes. Ohmic resistances were excluded from the data for easy comparison.
Thus, the distance from the origin to the horizontal intercept gives the area specific polarization resistance (ASR)
of the two electrodes. Hence, to determine the area specific polarization resistance per cathode (ASRcathode), ASR
must be divided by two.

LSM-0 and LSM-02 yielded similar ASRcathode Values of ca. 1.5 Q.cm? at 700 °C, while LSM-04 exhibited a lower
electrochemical performance of ca. 3.5 ().cm? at the same temperature (Figure 6). Figure 7 shows the change in
ASRcathode upon prolonged exposure to 700 °C.

The widely accepted notion is that substituting La with Sr generates a negative effective charge (Lag,), which
induces the oxidation of Mn3+ into Mn**, generating electron holes (Mn;,,,), which, results in p-type conductivity
and high electrochemical performance (Jiang, 2019). Therefore, higher Sr content should correspond to higher
electrochemical activity. In addition, literature reports suggest that amorphous structure in Sr-doped perovskites
(as in the case of LSM-04) is more beneficial in comparison to the crystalline structure, because it has a more open
structure, which facilitates oxygen ion diffusion and the weaker transition metal - oxygen bonds induce oxygen
vacancy formation, thereby facilitating oxygen adsorption and migration (Cavallaro et al.,, 2018). Therefore, in the
present case, considering the above-mentioned advantages of its amorphous structure, LSM-04 is expected to
exhibit the highest electrochemical performance. However, Figure 6 shows that LSM-0 is the electrode that
exhibited the highest initial electrochemical performance, which is counterintuitive. Our hypothesis is that this
phenomenon can be explained by the Sr segregation that occurs rapidly during the fabrication process in LSM-02
and LSM-04 samples, forming surface SrO/Sr(OH)z/SrCOs species that block oxygen adsorption to the surface (Koo
etal, 2018).

In the performance stability tests, LSM-0 and LSM-02 exhibited similar performance degradation rates, while the
electrochemical performance of LSM-04 was more stable in comparison to the other samples (Figure 7). Since
LSM-0 did not contain Sr, its performance degradation could not be due to Sr segregation. Meanwhile, the
microstructural analyses in Figure 5 showed a significant grain growth and even de-wetting at grain boundaries
in LSM-0 upon prolonged heat treatment, which should induce performance loss. LSM-04 had not crystallized
throughout the 100-hour exposure to 700 °C, hence, grain growth and grain separation at grain boundaries did
not take place, constituting an unchanged microstructure (Figure 5). It is likely that Sr segregation at the top
surface continued to take place, blocking surface adsorption of oxygen and causing performance loss. Although
not to the extent of LSM-0, LSM-02 has also shown grain growth (Figure 5). As it also contains Sr, some surface
segregation (likely to a lesser extent in comparison to the case of LSM-04 is expected. Therefore, a combined effect
of microstructural and surface-chemical degradation caused the performance loss in LSM-02.
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Figure 6. Nyquist plot showing the electrochemical impedance spectra of LSM-0, LSM-02 and LSM-04 thin film cathodes on
YSZ substrates
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Figure 7. Area specific resistances as a function of time of LSM-0, LSM-02 and LSM-04 thin films at 700 °C

4. Summary

In this study, we aimed to investigate the effect of strontium content on the microstructural evolution and
electrochemical performance of the widely used SOFC cathode material - LSM - in thin film form. We fabricated
LSM cathodes using polymeric precursors with different amount of strontium and investigated the phase and
microstructure evolution of the fabricated electrodes and correlated these to electrochemical performance. XRD
and SEM analyses respectively revealed that increasing Sr content increased the crystallization temperature and
inhibited grain growth. EIS analyses showed that initially, increasing Sr content in LSM resulted in lower
electrochemical performance, while the perovskite which contained no Sr exhibited the highest electrochemical
performance. It was hypothesized that this counter-intuitive phenomenon originated from a possible Sr-
segregation at the surfaces of Sr-containing samples. Long-term performance tests conducted at 700 °C revealed
that the sample with the highest Sr amount had the most stable performance, likely due to its relatively stable
microstructure, i.e., it remained amorphous throughout all heat treatment procedures. Undoped perovskite film
electrode underwent significant grain growth and showed signs of solid-state de-wetting, and consequently
exhibited extensive performance loss upon long-term exposure to 700 °C.

Based on the results of this study, it can be suggested that increasing Sr-content does not correspond to higher
electrochemical performance in LaMnOs electrodes, at least for those fabricated in the film form through polymeric
precursor-based methods. Deeper surface-chemical analyses of LaMnOs electrode films with varying Sr-contents
and pre-heat treatment conditions are now underway to test our hypothesis that Sr surface segregation is the
origin of the initial poor performance of highly Sr-doped LaMnO3 film electrodes.
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