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Innovative concepts for novel electrode structures have been actively pursued over recent years to achieve both superior electrochemical performance as well as long-term stability for the development of solid oxide cells (SOCs) with efficient energy conversion. In this study, towards understanding the role of surfaces and interfaces on electrochemical performance and long-term stability of nanostructured La0.6Sr0.4CoO3- (LSC) thin film electrodes, a systematic investigation of the effect of  deposition temperature and long-term annealing was conducted. The surface conditions of the LSC thin films, in terms of the proportion of surface-bound Sr and valence state of Co, are highly influenced by the deposition temperature; however, prolonged annealing at 700 C in air of LSC thin films deposited at various temperatures essentially transforms their surfaces to a final state having similar chemical environment and crystalline properties. On the other hand, Sr diffusion across the LSC/GDC interfaces is promoted at higher deposition temperatures and is further accelerated with prolonged heating at 700 C. Significant improvement in the electrochemical performance for symmetrical cells using LSC thin films is attributed to two main factors: enhancement of the surface exchange property as mediated by its distinctive nanostructure that allows the retention of a high porosity, and better stability of the electrode-electrolyte interfaces owing to the suppressed cation diffusion. This work paves the way to obtaining highly active and durable electrodes through tuning surfaces and interfaces and provides guidance for designing novel electrode materials with excellent performance for SOC applications.
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Introduction
[bookmark: _GoBack]High performance and stability of electrode materials are crucial for the development of solid oxide cells (SOCs) towards efficient and sustainable energy conversion and storage.1–3 Lanthanum strontium cobalt perovskite oxide La0.6Sr0.4CoO3- (LSC), a mixed ionic and electronic conductor (MIEC) has been widely studied as a promising air electrode for cell operation at intermediate temperatures (500-700 °C) due to its high catalytic activity for oxygen reduction reaction (ORR).4–6 Due to its reactivity with state-of-the-art YSZ (yttria-stabilized zirconia) electrolyte, it is frequently used in conjunction with a rare-earth doped ceria such as GDC (gadolinia-doped ceria) which serves as a diffusion barrier layer or interlayer.6-9 However, using LSC as air electrode material in SOC cells and stacks is challenging due to the instability of its surfaces at the required operating temperatures, resulting in electrochemical performance degradation during long-term operation.10 Several studies have shown that strontium cobaltite surfaces like LSC are prone to Sr segregation and formation of Sr-rich phases, e.g., SrSO4 and SrCrO4, which result from a chemical reaction with trace impurities such as SO2 and Cr vapors contained in the supplied air or emanating from components in the system.10–13 A recent study has shown that the degradation on LSC surfaces already occurs from the first exposure to ambient air and measurement conditions, indicating the effect of environmental factors on electrode stability.14 Furthermore, it has been reported that the processing and thermal history affects the long-term stability of LSC due to surface restructuring and cation redistribution.15
On the other hand, tuning the microstructure to nanoscaled LSC grains prepared by metalorganic deposition has provided very low polarization resistances16,17 at temperatures as low as 600 °C, although the stability of those structures with long-term testing has not been demonstrated. As has been frequently observed for similar nanograined LSC thin films, coarsening due to granular sintering at high temperatures in air leads to rapid degradation in performance,18 at times even more accelerated than conventional micrometer-scaled LSC electrodes. This behaviour is likely associated with the rapid cation diffusion along grain boundaries compared to the bulk, leading to enhanced cation segregation for nanoscaled LSC electrodes.19,20 In addition, recently a lot of interest has been focused on the development of thin film electrodes which are prepared at much lower temperatures using pulsed laser deposition (PLD). There are at least two primary motivations in this pursuit: first, it has been reported that the poorly crystalline structures are beneficial in driving the ORR activity in terms of suppressing the extensive segregation on LSC surfaces.21 Second, amorphous La0.8Sr0.2CoO3- films investigated using the isotope exchange depth profiling technique showed that the oxygen diffusion coefficient as well as surface exchange coefficient were higher compared to crystalline ones, even though no differences in the surface chemical composition were observed.22 Nevertheless, the LSC films investigated in these studies were prepared on single-crystal substrates which are not used for practical cells, and their adaptability for polycrystalline ceramic substrates has not yet been fully explored. Model electrodes or model diffusion couples provide simplified structures to gain important insights into the behaviour of surfaces and interfaces; however, it is necessary to examine the validity of these behaviours in systems and structures which approximate those of cells used in practical applications.
Taking into consideration the above issues, in this study we explore the effect of processing parameters, in particular, deposition at relatively low temperatures ranging between 500 C and room temperature, and subsequent exposure to typical SOC operating temperatures with prolonged duration (at 700 C up to 300 h), on the electrode performance and stability of nanostructured LSC thin films. Here we employ polycrystalline GDC as electrolyte substrates to gain a better understanding of the electrode-electrolyte interfacial behaviour and its evolution with long-term testing. The LSC films deposited on GDC are not epitaxial but are formed as nanostructured polycrystalline thin films. The nanostructured LSC thin films deposited at room temperature exhibited relatively lower values of electrode polarization resistance and less degradation compared to those prepared under higher deposition temperatures. Employing complementary and advanced characterization tools including X-ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry (SIMS), and transmission electron microscopy (TEM), we examine in detail the surfaces and interfacial properties towards understanding their correlation to the performance and stability of nanostructured LSC thin films.
Experimental
Sample preparation
The LSC thin films were prepared using a PLD system (NanoPLD, PVD Products) equipped with a KrF excimer laser (wavelength: 248 nm, COMPex 102, Coherent) operated with the following parameters: 20 Hz repetition rate, 275 mJ laser energy, 100 mTorr oxygen background pressure, 53,350 total pulses. The ceramic LSC target was prepared using commercial powders of nominal composition La0.6Sr0.4CoO3- (Noritake, Japan). The substrates were polished GDC (Ce0.9Gd0.1O1.95) pellets with a diameter of 20 mm and thickness of 0.5 mm. The deposition temperature was selected as 500 C, 300 C, and room temperature (R.T., no heating). After the deposition, the films were allowed to cool inside the chamber in the same ambient atmosphere from the set deposition temperature (i.e., 500 C and 300 C) to room temperature. The as-grown films were then simultaneously post-annealed in a box furnace at 700 C for 300 h in air. 
For the evaluation of the electrochemical performance, symmetrical cells comprised of LSC thin films deposited on both sides of GDC substrates pre-coated with LSCF (nominal composition: La0.6Sr0.4Co0.2Fe0.8O3-) thin films were used. With this configuration, the resulting electrode interface with the GDC electrolyte can therefore be assumed to be uniform for all the samples regardless of the microstructure of the LSC layer. The LSCF thin films were also prepared using PLD with the following parameters: 750 C deposition temperature, 10 Hz repetition rate, 200 mJ laser energy, 35 mTorr oxygen background pressure, 60,000 total pulses. Under these conditions, the obtained LSCF thin films have an average thickness of ~270 nm. The electrode area is fixed at 0.785 cm2.
A detailed summary of the samples used in this study is shown in Table 1.

Characterization
Cation depth profiles from the surface to the electrode/electrolyte interface were analyzed using time-of-flight SIMS (ToF-SIMS) on a ToF-SIMS5 machine (IONTOF GmbH, Münster, Germany) equipped with a bismuth liquid metal ion gun. A 25 keV Bi+ primary ion beam was used to generate secondary ions in the high current bunch mode and 10 keV argon cluster beam (Arn+) was used for the depth profiling. Positive secondary ion species of La+, Sr+ and Co+ from the film and Ce+, Gd+ from the electrolyte were monitored over an analysis area of 100 × 100 μm2 within a sputtering area of 300 × 300 μm2. The sputtered depths were calibrated using the film thickness measured using a scanning electron microscope (SEM, NovaNanoSEM450, FEI), used for both surface and cross-sectional observations in secondary and backscattered electron modes.
The surface elemental composition and electronic structure were characterized using a ThermoFisher Scientific K-Alpha+ XPS system operating at 2 × 10–9 mbar base pressure at ambient temperature. The system incorporates a 180° double focusing hemispherical analyzer with a 128-channel detector.  The Al Kα X-ray source generates a 6-mA emission current with a spot size of 400 μm2. Pass energies of 200 and 20 were used for the survey and core-level spectra, respectively. The quantitative analyses were performed using Avantage software.‡ Shirley background function was applied and subtracted from the data. The peaks were fitted using a convolution of Gaussian and Lorentzian peak shapes. Sr 3d, La 3d, Co 2p, O 1s, and C 1s spectra were analyzed. The spectra were normalized to the total integrated intensity of the La 3d5/2 spectra. The binding energies were corrected to the C 1s peak position at 284.8 eV originating from surface hydrocarbons. 
Specimens for S/TEM characterizations were prepared using a dual-beam plasma focused ion beam (PFIB)-SEM using a Xe+ plasma source accelerated at a maximum voltage of 30 kV (ThermoFisher, Helios5 Hydra CX). Final thinning was performed
at an acceleration voltage of 3 kV. Analytical measurements were performed using a TEM machine (FEI, Tecnai Osiris) equipped with energy dispersive spectroscopy (EDX) detector and operated at 200 kV acceleration voltage in scanning transmission electron microscopy (STEM) mode with a probe diameter of ~0.3 nm.

AC impedance measurements
To ensure homogeneous contact with the PLD-grown LSC thin films, unsintered ~10-µm-thick screen-printed layer of µm-scaled LSC particles were prepared by screen printing method. Gold mesh was pressed onto the screen-printed LSC as contact. Electrochemical impedance spectra were recorded with a Versastat4 (Princeton Applied Research, USA) frequency response analyzer in a frequency range of 10-2 Hz to 106 Hz at 700 °C in flowing air (compressed air with flow rate of 50 ml/min) for ~300 h. The impedance data obtained at open-circuit voltage condition were analyzed and fitted using the Zview software (version 3.5h, Scribner and Associates, Inc.). To elucidate the different electrode reaction processes and confirm their physical origin, the impedance spectra were analyzed using distribution of relaxation times (DRT) method using Z-assist software (Toyo Corp., Japan). Further details have been reported in a previous publication.23
Results and discussion
Microstructural characterization
	Sample reference
	Configuration
	LSC deposition temperature
	Annealing temperature/time
	LSCF deposition temperature

	A1
	LSC/GDC
	500 C
	-
	-

	B1
	LSC/GDC
	300 C
	-
	-

	C1
	LSC/GDC
	R.T.
	-
	-

	A2
	LSC/GDC
	500 C
	700 C/300 h
	-

	B2
	LSC/GDC
	300 C
	700 C/300 h
	-

	C2
	LSC/GDC
	R.T.
	700 C/300 h
	-

	A3
	LSC/LSCF/GDC/LSCF/LSC
	500 C
	700 C/300 h
	750 C

	B3
	LSC/LSCF/GDC/LSCF/LSC
	300 C
	700 C/300 h
	750 C

	C3
	LSC/LSCF/GDC/LSCF/LSC
	R.T.
	700 C/300 h
	750 C


Fig. 1 shows the typical plan-view and cross-sectional SEM images of the as-grown LSC thin films directly prepared on GDC electrolytes (samples A1, B1, and C1 in Table 1) at various deposition temperatures. For LSC deposited at 500 °C (Fig. 1(a)), the nanostructure features closely packed grains ranging from ~10 to ~20 nm in diameter, with distinct nanocolumnar structures spanning the thickness of the film (average thickness: ~600 nm). This high-level ordering is attributed to the increased migration and diffusivity of the species resulting from the thermal heating. This type of nanostructure is typical of the films deposited under a high-temperature, low-oxygen pressure regime where nanocolumnar growth is promoted.24,25 Decreasing the deposition to 300 °C (Fig. 1(b)), we observe that the characteristic nanostructure became more porous in comparison to the one deposited at 500 °C, due to the formation of nanochannels throughout the film; the cross-sectional SEM image shown in Fig. 1(e) shows that its thickness (average thickness: ~560 nm) is comparable to that of 500 °C. Lastly, the room-temperature LSC thin film (Fig. 1(c)) is characterized by a highly porous nanostructure due to the incorporation of relatively wider nanochannels in between granular clusters that at close inspection display fractal-like features. In particular, the film comprises slightly tilted branch-like features which are themselves composed of similarly structured branches, giving an overall appearance resembling fibers. There also seems to be a high degree of porosity inherent in the nanostructure, due to the loose packing of the branches. Despite the fact that this film was grown at room temperature only, the resulting morphology is indicative of a pseudo-ordered structure that is likely determined by the intrinsic kinetic energy of the arriving species generated from the laser plume during the PLD process. The average thickness of this sample is ~1040 nm, almost twice as thick as the heated samples. This is accompanied by a significant increase in the overall film porosity.Table 1. Summary of samples and processing parameters.

Several studies have shown that nanostructured electrodes offer enhanced performance over conventional, micrometer-scaled ones due to catalytic effects associated with the nanoscaled structures, such as by promoting oxygen incorporation through grain boundary pathways, increased oxygen diffusivity through nanopores, space charge effects, etc.16,26–28 However, such nanostructured electrodes are usually beset by sintering behaviour at high temperatures which could drastically alter their initial morphologies and lead to electrochemical performance degradation in time. To gain more insights into this behaviour, the samples shown in Fig. 1 were subsequently annealed in air at 700 °C for 300 h, approximately resembling conditions for typical SOC operation (samples A2, B2, and C2 in Table 1). Fig. 2 shows the typical plan-view and cross-sectional SEM images of the LSC thin films after annealing. Analogous to the differences observed for the as-grown films, we also observe remarkable differences in the final nanostructures of the annealed films. Specifically, the 500 °C sample shows the densest nanostructure among the three as well as the lowest density of nanochannels (Fig. 2(a)). Unlike the other two samples, this sample shows mostly closed pores, suggesting that the film has densified extensively such that nanochannels which would have been through-thickness otherwise have formed into several closed nanopores (Fig. 2(d)). In contrast, we find that the R.T. sample (Fig. 2(c)) exhibits a drastic change from fractal-like structures to vertically clustered grains ranging in sizes from ~50 nm to a few hundred nm, separated by wider nanochannels in between clusters. Interestingly, as can be viewed from the cross-section (Fig. 2(f)), the nanochannels conveniently provide open pores which would facilitate gas diffusion through the electrode layer, thus the resulting nanostructures present a much higher surface area which would be beneficial for the ORR process. Between these two samples, we can observe that the 300 °C sample exhibits intermediate features; it has partially densified through the formation of clusters but with narrower nanochannels compared to those of the R.T. sample. Not all nanochannels are open pores, however. As shown in the cross-sectional SEM image (Fig. 2(e)), some pores in the interior of the film are closed. Fig. 2. Typical plan-view SEM images of LSC films deposited at (a) 500 °C, (b) 300 °C, and (c) room temperature (R.T.), after annealing at 700 °C for 300 h in air. Extensive granular sintering can be observed, accompanied by an increase in overall porosities. Through-thickness nanochannels have formed in R.T. sample, whereas closed pores mostly formed in the 500 °C sample. The scale bar shown in image (f) corresponds to the scale of all images.
Fig. 1. Typical plan-view SEM images of as-grown LSC films deposited at (a) 500 °C, (b) 300 °C, and (c) room temperature (R.T.). The film deposited at R.T. exhibits the highest porosity among the samples. The corresponding cross-sectional SEM images are shown in (d)-(f). The characteristic nanostructures vary widely depending on deposition temperature. The scale bar shown in image (f) corresponds to the scale of all images.
Fig. 3. X-ray photoelectron spectra of Sr 3d, O 1s, and C 1s of the as-grown LSC nanostructured films grown at 500 C, 300 C, and R.T.

These results suggest that the type of initial nanostructure strongly influences its evolution with annealing. For instance, the existence of finely dispersed nanochannels essentially limits the intergrain contact and thereby the extent of sintering to localized clusters, all the while maintaining a high porosity which would be beneficial for gas diffusion. In contrast, a highly dense nanocolumnar structure only tends to further densify with annealing. As we would show later, the unique formation of finely dispersed nanochannels is beneficial to improving the thermal stability of the thin film electrodes and achieve better electrochemical performance than relatively dense ones.

Surface characterization
Previous studies have shown that perovskite surfaces such as those of LSC are highly prone to the formation of Sr-rich phases, resulting in the deactivation of surfaces for ORR.29–36 To identify the cation chemistries with near-surface depth resolution, XPS analyses were performed on both as-grown and annealed LSC films. 
We first focus on the as-grown samples, with Sr 3d, O 1s, and C 1s core-level spectra displayed in Fig. 3 revealing different characteristics. The characteristic Sr 3d spectra consist of a doublet with 3d5/2 at lower binding energies (~132 eV) corresponding to the lattice-bound Sr (Srlattice), and 3d3/2 at higher binding energies (~133.5 eV) corresponding to surface-bound Sr (Srsurface). All as-grown samples exhibit a significant amount of Srsurface, however, the amount of lattice-bound Sr is the lowest for the R.T. sample, where it can be observed that the Srsurface intensity almost constitutes the majority of its total Sr signal. This implies that the R.T.-grown film contains a significant amount of Sr-rich phases on its surface compared to those of the other samples, which may be attributed to its lack of crystalline structure that will provide the chemical bonding states which would be normally found in an otherwise well-crystallized LSC lattice. Therefore, the so-called surface for the R.T. film mostly consists of randomly formed clusters emanating from the laser plume and may originate from Sr-rich species which could include SrO, Sr(OH)2, and SrCO3.Fig. 4. X-ray photoelectron spectra of Sr 3d, O 1s, and C 1s of the LSC nanostructured films grown at 500 C, 300 C, and R.T., after annealing at 700 C for 300 h in air.

Referring to the C 1s spectra, we can see the presence of a -CO3 binding environment in the spectra (~289 eV), suggesting that the Srsurface likely originates mainly from SrCO3. This is evident for all as-grown samples. This is further corroborated by a relatively high amount of adsorbed oxygen species at the surface as evidenced by the peak at ~531 eV of the O 1s spectra. Furthermore, it is observed that the peak at a lower binding energy of ~529 eV which is associated with the metal-oxygen bonding in the crystal network becomes more prominent for higher deposition temperatures, which may be due to the removal of the unwanted phases on the surfaces with heating.
Turning our attention to the annealed samples shown in Fig. 4, it can be seen from the comparison of the Sr 3d spectra that the characteristic features are essentially the same: the Srlattice and Srsurface intensities are now comparable among the samples. This indicates that as-grown LSC films prepared at relatively low deposition temperatures mostly contain metastable surfaces which will invariably change into more stable ones upon annealing at higher temperatures. 
Fig. 5 shows the comparison of the Co 2p core-level spectra of as-grown and annealed samples (additional X-ray photoelectron spectra of La 4d/3d, Sr 3d, Co 2p, and O 1s core-level spectra of the films are further presented in the Supplementary Information, Fig. S1). The spectra show doublets of  and  and their satellite peaks, which help to identify the +2 and +3 oxidation states.21,37,38 The satellite peak at higher binding energy (~789 eV) is attributed to a mixed +2 and +3 oxidation states, while the satellite at the lower binding energy (~786 eV) is assigned to only +2 oxidation state. All films showed a mixture of +2/+3 oxidation states, but the as-grown film prepared at R.T showed a higher amount of +2 oxidation state. After post annealing, the spectra once again resembled each other, suggesting that any initial differences in the local binding environment become irrelevant as the surfaces essentially evolve to a final, more energetically stable configuration when exposed at high temperatures in the presence of an oxidizing atmosphere. In this case, as a result of annealing, most of the Co2+ on the R.T. surfaces are eventually oxidized into Co3+.Fig. 5. X-ray photoelectron spectra of Co 2p of the LSC nanostructured films grown at 500 C, 300 C, and R.T. As-grown films and annealed films are depicted in blue and orange, respectively.

More importantly, the present evidence suggests that even if the initial nanostructure were amorphous or poorly crystalline in the beginning, the as-grown LSC surfaces which initially exhibit metastable structures eventually evolve to a final state with a common chemical environment. Assuming that such surfaces behave similarly upon heating, it is therefore reasonable to assume that in terms of electrode performance, differences in oxygen exchange properties of those surfaces may then be attributed to other external factors such as grain coarsening behaviour, the progression of which may be correlated to any time-dependent degradation of electrochemical performance.

SIMS analysis
SIMS analysis can be considered as a complementary technique to XPS for analyzing the surface composition, although the interpretation of results can be challenging due to possible measurement artefacts that can occur due to matrix effects, ionic mixing, and preferential sputtering.39 It has been noted that preferential sputtering effects may cause some compositional distortion in the immediate sub-surface region (~1-3 nm) whilst sputter equilibrium is established.40 Here, we employ the SIMS technique to compare the evolution of elemental compositions across different samples from the air/electrode interface to the electrode/electrolyte interface. 
First, we focus on the SIMS analysis for the regions near the surface. The secondary ion ratios derived from the ToF-SIMS depth profiles of La+, Sr+, and Co+ prepared at 500 C, 300 C, and R.T. for both as-grown and annealed samples, are shown in Fig. 6.
We can extract the following observations:
There is no apparent increase of the Sr signal near the surface region for all as-grown samples (Fig. 6(a)-(c)). In particular, there appears to be an apparent Sr deficiency near the surface of the R.T. sample compared to the samples grown at 300 C and 500 C. As there is a relatively high amount of Srsurface which reside on the outermost surfaces of the as-grown R.T. sample, the lattice-bound Sr deficiency near the surface may be a consequence of Sr out-diffusion behaviour without replenishment from the inner regions of the LSC thin film. This seems reasonable considering that the R.T. film has a highly defective, porous nanostructure where cation diffusion is likely less promoted as compared to a well-crystallized structure. On the other hand, after annealing the samples exhibit an enrichment of Sr near the surface, most especially for the samples deposited at 500 C and 300 C. This is in consistent with the tendencies reported in literature where Sr enrichment is usually observed near the surface, especially after ageing.15,21,39 It must be noted, though, that the samples in those studies were prepared with different deposition parameters (namely, deposition temperature and oxygen partial pressure) compared to the ones in this study, which would influence the resulting stoichiometric composition as well microstructure of the films.
Another interesting observation is that there appears to be a relative enrichment of Co in the regions close to the surface of the R.T. as-grown sample (Fig. 6(f)). Again, this can be corroborated by the deficiency of lattice-bound Sr, which could account for the higher proportion of Co on the sub-surface. The effect on La is less obvious from these plots, although this will be evident in the depth profiles to be shown later over larger depth scales.Fig. 7. SIMS depth profiles of LSC/GDC samples prepared at (a) 500 C, (b) 300 C, and (c) R.T., and annealed samples are shown respectively in (d), (e) and (f). Areas highlighted in red indicate regions of Sr diffusion into the GDC layer.
Fig. 6. Secondary ion ratios of Sr+/(La+ + Sr+) (top row) and Co+/(La+ + Sr+) (bottom row) derived from ToF-SIMS data for the as-grown and annealed LSC thin films prepared at 500 C ((a), (d)), 300 C ((b),(e)), and R.T ((c),(f)).

The most important result is that regardless of the initial differences observed for the as-grown samples, long-term annealing at 700 C reconstructs the surfaces to approximately similar compositions. Sr deficiency disappears almost entirely, and Co enrichment is significantly diminished in comparison to the as-grown sample.
Although the preceding results indicate that the resultant surfaces after annealing tend to be similar for the samples in this study, it is important to note that at relatively high temperatures, cation mobility becomes substantial and diffusion to energetically preferred interfaces can be expected. In a previous study, as revealed by SIMS depth profiling, diffusion couples comprising LSCF thin films on GDC polycrystalline substrates exhibit some diffusion of Sr across LSCF/GDC interfaces after annealing at 800 C in air.41 To probe the interfaces, we performed SIMS depth profile analyses for all samples up to the LSC/GDC interfaces and the results are shown in Fig. 7. 
First, we note that the sharpness of the Ce+ and Gd+ profiles at the LSC/GDC interfaces are likely related to the characteristic porosity of the overlying LSC film and not necessarily indicative of any cation diffusion from the GDC region, i.e., the more porous the film structure is, the broader the profiles appear at the interface due to secondary ions from the inner layer being detected at shallower depths prior to the actual interface. Similarly, the “higher” level of intensities of Ce+ and Gd+ detected in the LSC region may also be accounted for by the existing porosity of the film nanostructure and hence are considered as measurement artefacts. By contrast, the Sr tail into the fully dense GDC region, indicated by the shaded region in red, can be unambiguously correlated to cation diffusion; compared to the as-grown samples, the annealed ones show a more significant broadening of the Sr profiles into GDC. Moreover, the sample prepared at the highest deposition temperature of 500 C exhibits the broadest diffusion profile among the annealed samples. This suggests that although the surfaces do not seem to show any significant differences in terms of Sr segregation behaviour, the LSC/GDC appears to be an energetically preferred interface where Sr diffusion occurs. Correlating these results to the SEM observations, denser films such as the one prepared at 500 C contain a higher number of cation diffusion paths via grain boundaries which allow the faster diffusion of Sr to the interfaces, whereas films such as the one prepared at R.T. lack such diffusion paths owing to the porous nature of their nanostructures.Fig. 8. Impedance spectra for LSC thin films deposited at (a) 500 °C, (b) 300 °C, and (c) room temperature (R.T.). The data at t = 0 h and 300 h are depicted by square and circle symbols, respectively. The overall electrode resistance, rpolarization, is plotted versus operation time in (d). 500 C: red triangles, 300 C: orange squares, R.T.: green circles.


Evaluation of electrochemical performance by EIS
For the evaluation of the electrochemical performance, LSC nanostructures were integrated into symmetrical cells as described in Table 1. In order to improve the contact with the GDC substrate, LSCF films were pre-deposited onto GDC substrates prior to the deposition of the LSC thin films. This ensures that the electrode layer is in intimate contact with the GDC substrate and minimizes adhesion issues related to low LSC deposition temperatures.Fig. 9. (a) DRT spectra obtained for the symmetrical cells with LSC thin films deposited at 500 C, 300 C, and R.T. after testing at 700 C and t ~300 h. Three characteristic peaks corresponding to different physical processes related to reactions occurring at the electrodes are identified as Peak 3, Peak 2, and Peak 1. The plots of rpolarization values corresponding to the different peaks are shown in (b)-(d). 500 C: red triangles, 300 C: orange squares, R.T.: green circles.


Fig. 8(a)-(c) show the obtained impedance spectra for the three samples with LSC thin films deposited at various temperatures, showing the data obtained at 700 C, for t = 0 h and t ~300 h. The spectra show some common features: a noticeable shift of the impedance arcs towards lower ohmic resistance (x-intercept of the high-frequency arc), and an increase in the arc widths which indicate an increase in the electrode polarization resistance. The shift towards lower ohmic resistance may be accounted for by the improvement of contact between the current collecting layer with the thin film electrodes due to the sintering effect. 
Furthermore, the total electrode resistance (rpolarization, representing data for a single electrode) is plotted in Fig. 8(d) as a function of time for the three different samples considered in this study. It should be noted that the measured rpolarization possibly includes the contribution of other components in the cell (viz., porous LSC current collector and LSCF thin film), and it would be necessary to separate the contribution of these components to get the sole contribution of the LSC nanostructured electrodes. Nevertheless, considering that all samples are contacted by the same components, we can still extract meaningful comparisons among the samples where the LSC nanostructure is the only variable. The rate of increase of the polarization resistance per unit time (rpolarization/total number of hours) shows a systematic relation with the deposition temperature: the corresponding values are 0.13, 0.09, and 0.05 mcm2/h for 500 °C, 300 °C, and R.T., respectively.  Interestingly, we find that the rpolarization values are quite comparable among the samples at t = 0, but the values diverge at t > 0 resulting to an almost three-fold increase observed for the samples deposited at 300 °C and 500 °C. By comparison, the R.T. sample exhibited a relatively slower degradation, leading to a final rpolarization value (at t = 300 h) of only ~0.03 cm2. To our knowledge, this is the first long-term evaluation of LSC nanostructured thin films demonstrating very low electrode resistance even after ~300 h of testing. On the other hand, the initial rapid increase observed in the first ~50 h appears to be analogous for all samples, and can be correlated to the drastic microstructural changes (Fig. 1 and Fig. 2) due to granular sintering induced with prolonged heating at 700 °C.
To analyze the impedance spectra, we adopt the distribution of relaxation times (DRT) analysis to deconvolute the various electrode reactions. Here, we could identify three characteristics peaks occurring at high (40 - 250 Hz), medium (5 - 40 Hz), and low frequency (0.3 - 5 Hz) range. This is illustrated by the DRT spectra shown in Fig. 9(a). Analogous to the DRT results reported for LSC multilayer films in a previous study,23 we can tentatively assign Peak 1 to the interfacial resistance (electrode-electrolyte resistance), Peak 2 to the surface adsorption/dissociation of oxygen into active O-species, and Peak 3 to the gas conversion resistance. Here, the largest contribution is attributed to Peak 2, which suggests that the degradation in performance is determined largely by the oxygen exchange properties of the electrodes. Considering that the surface conditions of the LSC thin films share common features, the differences in oxygen exchange properties can thus be accounted for by the microstructural features such as surface area and film porosity, which vary greatly among the samples. It can also be observed that the Peak 2 contribution shows a gradually increasing trend with time for all samples, suggesting a degradation behaviour consistent with time-dependent grain coarsening effects.18 Similarly, a gradual degradation with time can be observed for the electrode-electrolyte resistance (Peak 1), albeit to a smaller extent. On the other hand, the contribution associated to the gas conversion (Peak 3) only shows a drastic increase in the beginning but appear to reach saturation levels for all samples. This behaviour can be reasonably [image: ][image: ]explained by microstructural changes in the electrode which physically influence the gas diffusion. For all components the R.T. sample outperforms those deposited at higher temperatures, exhibiting the lowest rpolarization values for the entire range of time investigated. To further explain the relatively low electrode resistance for the R.T. sample, post-mortem characterizations of selected samples after testing will be presented in the next section. Fig. 10. Representative TEM micrographs of LSC/LSCF/GDC symmetrical cells after long-term testing at 700 C for 300 h in air. (a) LSC film prepared at 500 C, (b) LSC film prepared at R.T. Insets are corresponding selected area electron diffraction patterns obtained in the respective LSC regions. High-magnification TEM micrographs showing lattice images taken near the surface of the (c) LSC film prepared at 500 C, and (d) LSC film prepared at R.T.

Post-mortem characterization
To examine the post-mortem structures of the symmetrical cells after long-term testing, detailed characterizations were performed using SEM and S/TEM analyses. The representative SEM images of the surfaces and cross-sections are shown in the Supplementary Information, Fig. S2. Consistent with the observations for the bare LSC surfaces in the preceding section, the LSC nanostructures are characterized by different morphologies depending on the deposition temperature, with the R.T. sample showing much higher porosities which were retained even after prolonged exposure to high temperature.
Details of the nanostructures are further revealed in the TEM images shown in Fig. 10, where the cross-sections of the LSC samples prepared at 500 C and R.T. are compared. As depicted in Fig. 10(a), the LSC film prepared at 500 C exhibits a semi-homogeneous structure containing several closed pores. A dark contrast can be further observed at the LSC/LSCF interface adjacent to the LSCF layer, which may indicate the presence of strain and/or defects formed in this region. On the other side of the LSCF layer, the GDC region adjacent to the LSCF/GDC interface similarly exhibits a dark contrast, which additionally suggests some interaction also occurred between [image: ][image: ]the LSCF and GDC layers. By contrast, the LSC film prepared at R.T. shown in Fig. 10(b) exhibits a highly porous structure comprising nanoclusters. The nanoclusters themselves are comprised of several nanograins ranging in 50 to 100 nm in size and stacked on top of each other. Based on the evaluation of performance presented in the previous section, it seems that the retention of a high surface exchange property can be correlated to this unique nanostructure, which presents a high porosity to aid gas diffusion as well as a high surface area for the ORR. Moreover, the LSC/LSCF and LSCF/GDC interfaces appear sharp and well-defined, and the regions adjacent to the corresponding interfaces do not exhibit any particular defects.Fig. 11. STEM-EDX elemental mapping for the cells utilizing (a) LSC film prepared at 500 C, (b) LSC film prepared at R.T. Black arrows in (a) denote voids that appeared at the LSCF/GDC interface. On the Fe mapping results shown in (a) and (b), yellow oval circles highlight regions where Fe diffusion from LSCF into LSC is observed. The respective plots on the right column are STEM-EDX profiles generated from the elemental maps, showing the various elemental components in atomic percent (top plot), and the relative concentration of Sr, expressed as Sr/(La + Sr) (bottom plot).

The insets in Fig. 10(a) and (b) show the selected area electron diffraction patterns obtained for the LSC layers; the diffraction spots can be indexed to the LSC rhombohedral structure. Furthermore, typical high-magnification TEM images measured near the surface of the LSC regions are shown in Fig. 10(c) and 10(d). The highly ordered lattice images obtained for both samples confirm the highly crystalline nature of the LSC layers; in other words, even if the films were initially amorphous or poorly crystalline due to the low-temperature deposition employed, their subsequent prolonged exposure to sufficiently high temperatures in air promotes crystallinity and thereby changes the film properties to a common final state. The present data do not indicate that a less crystalline state for the LSC thin film is more beneficial in terms of driving the ORR activity due to any suppression of Sr segregation; in fact, XPS results shown earlier revealed that the R.T.-deposited film appears to have more Sr-rich phases on its outermost surface compared to those prepared at higher temperatures. These results lead us to believe that the main advantage for low-temperature deposition is the incorporation of nanoscaled porosities which not only result to a much higher surface area but also significantly reduced intergrain contact, and consequently suppression of degradation due to grain coarsening.
As the LSC thin films were contacted by thick current collecting layers for the impedance measurements, it would be difficult to probe the surfaces of the samples using XPS, or analyze the interfaces using depth profiling by SIMS. To obtain accurate information about the film compositions, STEM-EDX analysis was performed for the samples and the elemental mapping results are presented in Fig. 11. As shown in Fig. 11(a), the elemental distribution across the cross-section of the 500 C sample does not indicate any specific inhomogeneities within the films or the interfaces, although the mapping for Fe clearly shows some diffusion from the LSCF into the LSC layer. The effect of Fe diffusion into LSC is not yet clear at this point, though a depletion of Fe from the LSCF region at the LSC/LSCF interface could presumably lead to changes in its stoichiometric composition in the vicinity. Furthermore, the   STEM-HAADF image reveals the formation of voids (denoted by black arrows) along the LSCF/GDC interface, similarly indicating some enhanced diffusion processes between these two layers.42 In contrast, the R.T. sample shown in Fig. 11(b) shows well-defined interfaces; in particular the lack of void formation along the LSCF/GDC is in stark contrast to that of the 500 C sample, which suggests that the stability of the LSCF/GDC interface is somehow affected by the type of LSC nanostructure even though it is located away from this region. The respective STEM-EDX profiles generated from the elemental maps (integrated over the thickness of the specimen) are shown in Fig. 11(a) and (b), with the corresponding elemental profiles depicted in atomic percent (top plot) and the Sr/(La+Sr) ratio derived from the Sr and La profiles (bottom plot). A noticeable difference is that the relative concentration of Sr shows an increasing tendency towards the LSCF/GDC region for the 500 °C sample whereas the R.T. sample shows a fairly constant Sr profile throughout the LSC and LSCF regions. This is consistent with the SIMS results shown earlier which indicated Sr diffusion to the LSC/GDC interface. These results further confirm that whereas no obvious Sr segregation towards the film surfaces is evident, the interior regions of the film show active Sr diffusion from the electrode towards the interface with the GDC electrolyte. For the case of the 500 C sample, the void formation can therefore be associated to the Sr diffusion across the LSCF/GDC interface. These results could reasonably explain the observed degradation of the interfacial resistance associated to the electrode/electrolyte interface (Peak 3 in the DRT analysis). Furthermore, these results highlight the interplay between surfaces and interfaces in describing the electrode degradation behaviour.
Conclusions
In this study, we examined the effect of processing temperatures, namely film deposition and annealing, on the performance and stability of LSC thin film nanostructures. The characteristic nanostructures of LSC thin films were tuned by varying the deposition temperature from relatively low temperatures of 500 C down to room temperature. From detailed characterizations including XPS, SIMS, and S/TEM, it is found that the as-grown LSC surfaces initially exhibit metastable structures with a characteristically high concentration of Srsurface and a high proportion Co2+ especially for room-temperature deposited samples. However, upon subsequent annealing at 700 °C in air, the LSC surfaces undergo a drastic reconstruction resulting in more energetically stable surfaces with mostly lattice-bound Sr and containing Co3+. Analysis of the regions close to the films’ surfaces did not show any remarkable Sr segregation before annealing, though comparable levels of Sr enrichment near the surfaces of the samples were confirmed after annealing at 700 C for 300 h in air. On the other hand, analysis of the LSC/GDC interface shows that the extent of Sr diffusion into the GDC region is dependent on the deposition temperature, indicating that even though there does not appear to be significant tendencies for Sr segregation to the films’ surfaces, cation diffusion behaviour across the electrode-electrolyte interface is influenced by the processing temperature.
Based on symmetrical cells tested at 700 °C for 300 hours, the cells utilizing LSC thin films deposited at room temperature exhibited the best electrochemical performance in terms of relatively lower values of the electrode polarization resistance and lower degradation rate compared to those prepared under higher deposition temperatures. Analysis of the impedance spectra using DRT analysis showed that the time-dependent degradation arises mainly from degradation of oxygen surface exchange properties which is accounted for by the granular sintering and coarsening behaviour at high temperatures, and degradation of interfacial properties, which is governed by the thermally activated cation diffusion behaviour. This work highlights the dynamic interrelation between surfaces and interfaces as influenced by processing temperatures and their impact on the electrochemical performance of nanostructured thin film electrodes.
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