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Recent studies showed that binary oxide modifications can induce substantial changes of the oxygen 

exchange kinetics at the surface of Pr0.1Ce0.9O2-δ electrodes. The effect of these oxides was linked to their 

Smith acidity. In this work, these observations of oxides at the surface of mixed conducting oxides are 

extended to a metal-like conducting oxide: La1-xSrxCoO3-δ. Samples of La1-xSrxCoO3-δ with various Sr 

content deposited by PLD were investigated in situ during the deposition process by impedance 

spectroscopy, before and after decoration with SrO, CaO and SnO2 at different temperatures and pO2. 

Considering experimental observations from the literature, the kinetics of decorated surfaces follow the 

Smith acidity of the binary oxide, which confirms that this scale is a good descriptor for sorting 

impurities. No notable effects of the Sr content on the decoration impact were measured and the effect 

of impurities was compared between La1-xSrxCoO3-δ and Pr0.1Ce0.9O2-δ from a previous study. Basic 

impurities added at the surface of La1-xSrxCoO3-δ electrodes showed less influence on the reaction 

kinetics than on Pr0.1Ce0.9O2-δ, but a stronger impact was found with acidic oxides. This effect is 

supposed to originate from the acidity difference that controls a major part of the oxygen exchange 

kinetics. These results underline that the outermost surface is decisive for solid oxide cell electrode 

materials and that the relative insensitivity of the kinetics to bulk properties might lead to a high 

flexibility in terms of electrode design and material combination. 

1 Introduction 
The oxygen exchange reaction in mixed conducting oxides is a critical process in solid oxide fuel cells 

(SOFCs), where oxygen is reduced to form oxide ions at the cathode. The oxygen exchange reaction 

can be written in Kröger-Vink notation as  

 2𝑒′ + 𝑣𝑂
∙∙ +

1

2
𝑂2 ↔ 𝑂𝑂

𝑋, 1 

 

which involves electrons  𝑒′, oxygen vacancies 𝑣𝑂
∙∙ , molecular oxygen 𝑂2  and lattice oxygen 𝑂𝑂

𝑋. The 

rate at which oxygen exchange occurs is directly dependent on the availability of the reactants. These 

reactants concentrations are influenced by numerous factors, including intrinsic physical properties of 

the mixed conducting oxides and operating parameters, such as temperature or pO2.  

The most broadly accepted parameters to accelerate oxygen exchange kinetics are the concentration and 

mobility of oxygen vacancies of the mixed conducting oxide surface. Indeed, Kilner and De Souza1 

showed a correlation between the oxide ion diffusion coefficient and the oxygen exchange kinetics, 

which holds for a wide range of mixed conducting oxides. For perovskite-type oxides such as LaCoO3, 

the oxygen transport properties can be controlled by tuning the concentration of acceptor dopant on the 

A site, which modifies the concentration of charged defects, such as oxygen vacancies or electron holes. 

However, it can be argued that simply relying on transport properties for describing oxygen surface 
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exchange kinetics is incomplete. This can be exemplified by the wide scattering of surface exchange 

coefficients measured on nominally identical compositions2. Those discrepancies point towards 

important effects of surface chemistry and surface electronic properties on the oxygen exchange kinetics 

in mixed conducting oxides. For example, Tripkovic et al.3 showed that changes of oxygen exchange 

kinetics were linked to the aging of the electrode surface between 700 °C and 800 °C. It was suggested 

that at these temperatures the surface is enriched in Sr, inducing a sensitivity increase to pollutants such 

as S, Cr, CO2 and H2O4–7. In two recent studies, it has been shown that surface modifications have a 

huge importance in controlling oxygen exchange kinetics in Pr-doped ceria, and that their effect can be 

correlated to their acidity8,9. 

However, the extrapolation of these conclusions to other mixed conducting oxides is not straightforward, 

and should be studied thoroughly. Indeed, from Nicollet et al.8, the main hypothesis to explain the role 

of impurities on surface exchange kinetics is a change of work function of the surface of the mixed 

conducting oxide, which in turn changes the availability of charge carriers for the oxygen exchange 

reaction. 

Pr-doped ceria is a mixed conducting10 oxide showing a n-type conduction for a temperature superior to 

600 °C and oxygen partial pressure between 1 and 10-6 atm. In this structure, the conduction of the 

electronic charges occurs by polaron hopping from Pr3+ to Pr4+. It is the presence of Pr on Ce site that 

induces the formation of an impurity band allowing the polaron hopping. On the other hand, the oxide 

ions are conducted through the oxygen vacancies formed to compensate formation of electron by 

reduction of Pr4+ into Pr3+. At 650 °C and a partial pressure of oxygen of 10-2 atm, the material shows a 

conductivity of 3.10-2 S∙cm-1 with a transference number close to 0.4 inducing an ionic conductivity 

close to the electronic conductivity. Considering these observations from the literature, it can be argued 

that those changes in the surface electronic structure are important to the oxygen exchange reaction 

because the conduction band electron concentration is initially low (and there is more room for 

variation).  

Then, it is necessary to measure whether the same effects can be observed with impurities on mixed 

conductors with higher electronic conductivity, such as La1-xSrxCoO3-δ, which exhibits metal-like 

conductivity due to the overlapping of the oxygen 2p band and cobalt 3d band11,12. This material exhibit 

a conduction of oxygen through vacancies mainly induced by donor doping with Sr on La sites. As a 

matter of comparison with Pr-doped ceria, La0.6Sr0.4CoO3-δ
13 presents an ionic conductivity close to 

5.10-3 S.cm-1 at 650°C and a total conductivity of 2000 S.cm-1 at 10-2 atm of pO2 partial pressure. The 

main changes with La0.6Sr0.4CoO3-δ would then be the modification of the electrode surface acidity due 

to the composition and the electronic conduction properties. 

In a recent publication, Siebenhofer et al.14 showed the improving capabilities of small amounts of SrO 

on La0.6Sr0.4CoO3-δ surfaces at high temperatures (600 °C). At lower temperatures, the deposited SrO 

reacted with CO2 traces from the surrounding atmosphere, forming SrCO3 and leading to performance 

degradation. With these results, they further substantiated the importance of the Smith acidity scale as a 

tool to understand the effect of impurities on oxygen electrodes. Acidic CO2 may counterbalance the 

enhancement induced by the basic SrO decoration.  

In this work, we studied the surface exchange kinetics by systematic impurity decoration of mixed 

conducting oxides, while modifying the transport properties of the host material through a variation of 

the acceptor doping concentration. La1-xSrxCoO3-δ with varying Sr content was decorated with acidic and 

basic impurity oxides. An i-PLD setup15 was used to measure the oxygen surface exchange coefficient 

of La1-xSrxCoO3-δ films in situ, during the deposition and decoration procedures (inside the PLD 

chamber)15, allowing for measurements in exceptionally clean conditions and on pristine surfaces. By 

changing the strontium doping concentration of the electrode, the effect of surface decorations is 

investigated depending on the electronic structure of the host material, and the limits of the applicability 

of the Smith acidity are explored. 
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2 Experimental 

2.1 Targets preparation  
La1-xSrxCoO3-δ targets with three strontium concentrations were synthesized, namely 5, 10 and 20 at. % 

of strontium on the perovskite A-site. The La1-xSrxCoO3-δ powders used for the targets for the pulsed 

laser deposition were prepared by a glycine nitrate combustion route with a fuel-nitrate ratio of 1.2 using 

metal nitrates as reactants (Sigma-Aldrich: SrNO3 > 99 %, La(NO3)3 . 6H2O 99.995 %, and 

Co(NO3)3 . 6H2O > 98 %). The nitrates and glycine were dissolved in pure mili-Q water (18.2 MΩ.cm) 

and the mixture was dehydrated on a hot plate at 120°C overnight and heated at 300°C to trigger the 

combustion reaction. The ashes from the synthesis were annealed at 1000 °C for 3 h in air to obtain the 

pure perovskite phase (controlled by X-ray diffraction, see Supplementary Note 1). Then, the powder 

was pressed into a 30 mm pellet under 56 MPa uniaxial pressure and sintered at 1300 °C for 10 h in air. 

The relative density of the target was above 90 % for all three compositions.  

The composition of the targets was controlled by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) using an ICP spectrometer ThermoScientific iCAP 6000 Series. The pellet was 

dissolved in HNO3 10 % and analysed by the standard addition method. The stoichiometries obtained 

for the various La1-xSrxCoO3-δ targets are La0.95Sr0.05Co1.00O3-δ, La0.90Sr0.10Co1.00O3-δ, and 

La0.80Sr0.20Co1.00O3-δ. The uncertainty associated to the ratio of the cations is ≈ 0.01 for all compositions 

(see Supplementary Note 2).  

For the decoration of the La1-xSrxCoO3-δ thin film electrodes, targets of the respective binary oxides 

(SrO, CaO, SnO2) were prepared from the respective calcined powders (Sigma-Aldrich, > 99.9 %) by 

isostatic pressing and sintering. Basic oxides had to be calcined before pressing (12 h at 1200 °C in O2 

flow) to decompose hydroxides and carbonates formed by reaction with ambient air. To avoid hydration 

or carbonation of the oxides after sintering, the targets were stored in a desiccator with a drying agent 

(silica gel) under vacuum. For the selection of decorated oxides, several factors were considered: the 

band gap energy (it should be smaller than the laser energy), Smith acidity, and the potential pollution 

of the setup. Three oxides were selected: SnO2, SrO, and CaO; SnO2 being one of the most acidic (2.2), 

CaO (-7.5), and SrO being among the most basic that can be deposited (-9.4). 

 

2.2 Cell preparation 
First, current collector grids (Ti/Pt, 5/300 nm, 20 μm square holes/5 μm stripes) were prepared by lift-off 

photolithography and metal sputtering (BalTec MED 020, Leica Microsystems GmbH, Germany) on 

both sides of (100) oriented yttria stabilized zirconia (YSZ, 9.5 mol.% Y2O3, Crystec GmbH, Germany) 

single crystalline substrates (5 × 5 × 0.5 mm3). These grids served as the base for working electrode 

(WE) and counter electrode (CE). All depositions were done with a KrF (λ = 248 nm) excimer laser 

(Lambda Physics, COMPex Pro 201) with a laser fluence of approximately 1.17 J cm−2 at the target at 

a target/sample distance of 6 cm. Before every i-PLD measurement, the deposition rate of each 

decoration target was determined with a quartz microbalance inside the PLD chamber at 0.04 mbar O2 

and room temperature. 

On the working electrode side of the YSZ substrate, a 5 nm thick Gd0.2Ce0.8O2-δ (CGO) buffer layer was 

deposited by PLD on top of the current collector grids with 90 laser pulses at a frequency of 2 Hz at 

600 °C (measured with a pyrometer (Heitronics)) and 0.04 mbar of O2. This buffer layer avoided 

interfacial reactions of the electrode and YSZ and warrants (001) oriented growth of La1-xSrxCoO3-δ
17. 

For the counter electrode, the target to substrate distance was set to 5 cm, the atmosphere was set to 0.4 

mbar pO2 and the substrate was heated to a temperature of 450 °C. 9000 laser pulses at a frequency of 

5 Hz were shot on a La0.6Sr0.4CoO3-δ target, which produced a nanoporous, thick electrode18. 
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2.3 Measurement protocol 
To investigate the impact of oxide decoration on the oxygen surface exchange coefficient of the different 

compositions of La1-xSrxCoO3-δ, a detailed measurement procedure was followed. This protocol is 

summarized in Figure 1. The deposition/measurement procedure was performed entirely within the 

vacuum chamber of the i-PLD setup, without exposition of the sample to the ambient atmosphere. The 

polarization resistance of the working electrode was measured at 600 °C and an oxygen pressure of 

0.04 mbar. First, a 40 nm layer of La1-xSrxCoO3-δ was deposited, which is sufficient to ensure negligible 

in-plane resistance of the film. Then, the surface resistance of the La1-xSrxCoO3-δ thin film, associated to 

its oxygen exchange kinetics, was measured by impedance spectroscopy with an Alpha-A High 

Performance Frequency Analyzer and Electrochemical Test Station POT/GAL 30V/2A setup 

(Novocontrol Technologies) in the frequency range from 106 to 0.1 Hz, with a resolution of 5 points per 

decade and an AC amplitude of 10 mV RMS.  

The temperature and pO2 dependence of the pristine sample were measured following the sequence 

illustrated in Figure 1. The measurements were recorded at constant pO2 of 0.04 mbar, between 600 °C 

and 500 °C for the temperature dependence, and at constant T = 600 °C between 10-5 and 10-1 bar for 

the pO2 dependence.  

The temperature during the measurement was controlled by tracking the ohmic offset of impedance 

curves, which includes the well-known ionic conductivity of the YSZ electrolyte19, as well as wiring 

and grid contributions which were determined separately prior to measurements. The protocol associated 

to the temperature determination of the sample is developed in a previous article20. The temperatures 

presented in this articles are the temperature obtained from this protocol. The pristine sample was 

decorated with the selected oxide thin-film and the same measurement protocol is followed. From 

previous experiments the decoration process was verified using low energy ion scattering (LEIS), atomic 

force microscopy (AFM) and secondary ion mass spectrometry (SIMS) measurements9,21,22. These 

experiments showed a homogeneous decoration as well as a full coverage of the surface. Upon 

completion of the measurements with one decoration, the surface of the cell was regenerated with a 

La1-xSrxCoO3-δ deposition (to bury the decoration and eliminate its influence for subsequent decorations) 

and the next decoration is measured on a freshly deposited La1-xSrxCoO3-δ.This protocol allows studying 

several decorations without the need of preparing a new cell, thus warranting minimal deviations due to 

sample preparation. The order of the measurement for each sample is first pristine, then SnO2 decorated, 

CaO decorated and finally SrO decorated. Impedance curves show two dominating semicircles, an 

inductive contribution and a small interfacial high-frequency feature (see Fig. 1 b). The impedance was 

modelled using an equivalent circuit of three parallel R-CPE circuits connected in series, a resistance 

and an induction contribution at high frequency. The resistance associated to oxygen surface exchange 

on the growing electrode is extracted from the larger R-CPE contribution, the smaller feature at lower 

frequencies being associated to the counter electrode (due to the larger thickness and the larger chemical 

capacitance, the characteristic frequency of the counter electrode feature is significantly lower). The 

oxygen exchange kinetics was then derived from the resistance using Equation 2 proposed by Maier23.  

𝑘𝑞 =
𝑘𝐵𝑇

4𝑒2𝑅𝑠𝑢𝑟𝑓𝑐𝑜
 

kq is the electrical surface exchange coefficient of oxygen, kB the Boltzmann constant, T the temperature, 

e the elementary charge, Rsurf the measured surface resistance and cO the oxygen concentration in the 

crystal lattice which was determined taking into account the vacancies concentration: cO =5.074×1022 

cm-3, cO =5.117×1022 cm-3, cO =5.139×1022 cm-3 for La0.8Sr0.2CoO3-δ, La0.9Sr0.1CoO3-δ and 

La0.95Sr0.05CoO3-δ, respectively. Considering the work of Kawada et al., the concentration of oxygen 

change with the temperature and the pO2, the variation is negligible vs. the impact of the donor doping 

of the material with a variation of the oxygen content respectively of a maximum of 0.03 % of 𝑐𝑂 (see 

Supplementary Note 3)24,25.  

2 
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Figure 1 . a) Summary diagram of the i-PLD deposition and measurement protocol with 1.) deposition of La1-xSrxCoO3-δ 

thin-film/ La1-xSrxCoO3-δ regeneration, 2.) temperature dependence, 3.) pO2 dependence and 4.) acid-base decoration, b) 

Illustration of a typical impedance diagram measured on La1-xSrxCoO3-δ /CGO/YSZ/porous La0.6Sr0.4CoO3-δ  cells. 

3 Results 
For each strontium content x in La1-xSrxCoO3-δ, the dependence of the oxygen surface exchange 

coefficient with the thickness of the decorating binary oxide was studied. Then, the temperature and pO2 

dependence of the oxygen exchange coefficient was studied and compared for all Sr contents and 

decorations.  

3.1 Influence of the decoration thickness and acidity on kq 
The influence of the decoration on the oxygen exchange kinetics is represented in Figure 2. The variation 

of the oxygen surface exchange coefficient is plotted for each La1-xSrxCoO3-δ composition and 

decoration. The error bars of the k value represented in the different Figures correspond to the standard 

deviation from pristine samples of La0.6Sr0.4CoO3-δ calculated from previous studies detail in 

Supplementary information 4. 

The initial surface exchange coefficients kq for the three pristine samples is represented in Figure 2 a) 

with 1 post-La1-xSrxCoO3-δ decoration (before pO2 and T dependence measurement). The general 

evolution of kq follows the Sr content of the material with La0.8Sr0.2CoO3-δ faster than La0.9Sr0.1CoO3-δ 

faster than La0.95Sr0.05CoO3-δ. This evolution is in agreement with the trend proposed by Kilner et al.1,26 

that shows a direct relationship between dopant content and ionic conductivity. Fig. 2 a) also shows 

La0.9Sr0.1CoO3-δ before SrO decoration as an outlier with a kq value higher than expected from the 

observed trend with Sr content and a non-regenerated surface faster than regenerated ones. This 

evolution can be explained by a potential loss of preferential orientation of the thin-film impacting the 

oxygen exchange kinetics27.  

The decoration with CaO decreases the oxygen exchange kinetics by a factor 2.0 vs the pristine sample 

for La0.9Sr0.1CoO3-δ and La0.8Sr0.2CoO3-δ for 0.66 nm deposited, and by a factor 2.6 for La0.95Sr0.05CoO3-δ 

for 0.53 nm deposited. In the case of CaO, it was predicted from previous work that the high basicity of 

this oxide should increase the oxygen exchange kinetics. Here the opposite effect is observed, which is 

commented in the discussion section of this article. SnO2 decoration decreases the oxygen exchange 

coefficient kq by a factor of 15, 10 and 10 vs. the pristine sample for 0.56 nm deposited on 

La0.8Sr0.2CoO3-δ, La0.9Sr0.1CoO3-δ and La0.95Sr0.05CoO3-δ respectively. The decoration with SrO produces 

an alternative behaviour. The oxygen surface exchange kinetics are initially enhanced with the SrO 

decoration, up to a factor 2 for 0.28 nm of SrO. The effect is observable regardless of the Sr content of 

the La1-xSrxCoO3-δ film. However, a turnover can be observed above this thickness for all three 

La1-xSrxCoO3-δ compositions. Interestingly, the decrease of kq with the SrO loading changes similarly 

between the different nominal compositions of La1-xSrxCoO3-δ.  
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Figure 2. a) Initial oxygen surface exchange coefficients for pristine surfaces 1.) post-La1-xSrxCoO3-δ deposition, 2.) pre-CaO 

decoration, 3.) pre-SnO2 decoration and 4.) pre-SrO decoration, kq values as a function of the thickness of the decoration for 

b) CaO decoration, c) SnO2 decoration and d) SrO decoration, La0.95Sr0.05CoO3-δ ( ), La0.9Sr0.1CoO3-δ ( ), La0.8Sr0.2CoO3-δ  

( ) at 600 °C and 0.04 mbar of oxygen. The represented error bars correspond to the dispersion of kq values from the 

measurement setup and the dispersion of the deposited oxide thickness values determined from the calibration process of the 

deposition process. 

3.2 pO2 dependence 
Prior to each surface regeneration, the oxygen dependence of the oxygen surface exchange coefficient 

for both pristine and decorated electrodes was determined. The surface exchange resistance was 

measured in situ within the vacuum chamber of the pulsed laser deposition system at 600 °C, with 

oxygen pressure ranging from 10-5 to 10-1 bar. The results are presented in Figure 3. The pristine 

La1-xSrxCoO3-δ exhibits two distinct pO2 dependences at low pO2 (< 10-3 bar) and high pO2 (≥ 10-3 bar) 

with slope values of 0.52 ± 0.02 for low pressures and then a flatter dependence above 10-3 mbar pO2. 

The general evolution matches the observation of a previous study by Siebenhofer et al.15. Here, the 

rate-limiting step of the reaction at low pO2 involves molecular oxygen, while the lower slope at high 

pO2 might be induced by degradation of the La1-xSrxCoO3-δ surface or a change of the rate-limiting 

step15,24. 

The pO2 dependences were also recorded after each decoration (at the final thickness). Figure 3b), c) 

and d) show the pO2 dependences of kq after decorations with CaO, SnO2 and SrO, respectively. No 

clear change of the slopes is observed with decorations, regardless of their Smith acidity, with low pO2 

slope values of 0.47 ± 0.02 for SnO2 decorations, 0.49 ± 0.04 for SrO decorations and 0.50 ± 0.06 for 

CaO decorations. This suggests that the decorations do not fundamentally change the reaction path or 

the rate-determining step of the oxygen exchange reaction. It is again worth mentioning that the kq values 

for the SrO decorated La0.9Sr0.1O3-δ are higher than expected and undergo substantial degradation at 

higher pO2. 
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Figure 3. Oxygen partial pressure dependence of the oxygen surface exchange kinetics measured at 600 °C on a) pristine 

sample, b) CaO decorated sample, c) SnO2 decorated sample and d) SrO decorated sample on La0.8Sr0.2CoO3-δ ( ), 

La0.9Sr0.1CoO3-δ ( ) and La0.95Sr0.05CoO3-δ ( ). 

3.3 Temperature dependence 
Despite the decoration, it appears that the rate-determining step remains globally unchanged. To further 

study the mechanistic implications of the acid-base decorations, the temperature dependence of the 

surface exchange coefficient kq was measured and compared between all decorations. The temperature 

dependences of kq for all samples are presented as Arrhenius plots in Figure 4. The measurements are 

performed at the maximum loading for each decoration studied. 

The activation energy of the oxygen exchange coefficient of La1-xSrxCoO3-δ seems to be more affected 

by SrO and CaO deposition than by SnO2. The latter changes the activation energy from 1.28 eV for 

pristine La0.8Sr0.2CoO3-δ to 1.35 eV, while for La0.9Sr0.1CoO3-δ, an increase in the activation energy from 

1.26 to 1.50 eV was observed. On the other hand, CaO and SrO decorations increase the activation 

energy of the reaction dramatically with a smaller contribution for SnO2 decoration:  + 0.50 eV for CaO 

and up to + 0.89 eV for SrO and +0.16 eV for SnO2. Those are the mean change value compared to the 

pristine sample for the different La1-xSrxCoO3-δ. It is also worth emphasizing that the final decoration 

layer thickness of SrO is above 1 nm, which needs to be considered and is further discussed below. As 

a matter of comparison, the general variation observed on previously studied Pr0.1Ce0.9O2-δ pristine 

samples9 were about 0.1 eV for similar experimental conditions and similar regeneration process. In this 

study the dispersion for the decorations are higher, up to 0.25 eV for CaO decoration. This uncertainty 

can be associated to the thickness uncertainty of the decorations. Then, no conclusion can be made for 

the influence of SnO2 decorations on the activation energies, since they are below the error bars. 

However, the variation observed with CaO and SrO decorations are significant and can be attributed to 

an effect of the decoration added at the surface. From these results it is clear that the decoration with 
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higher deposition content have an impact on the activation energy of the reaction in contrast to the 

previous study that showed negligible to no variation8,9 over small quantity deposited using PLD.  
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Figure 4. Temperature dependence of the oxygen surface exchange kinetics on a) pristine, b) CaO decorated, c) SnO2 decorated 

d) SrO decorated surface of La0.8Sr0.2CoO3-δ ( ), La0.9Sr0.1CoO3-δ ( ) and La0.95Sr0.05CoO3-δ ( ) at 0.04 mbar of O2.  

4 Discussion 
In general, and as observed previously on Pr-doped ceria8,9, the variation of kq as a function of the 

decoration follows the Smith acidity scale, i.e. kq decreases when the Smith acidity of the decoration 

increases. However, the decorations are mostly detrimental in the case of La1-xSrxCoO3-δ, the only 

exception being found for small amount of SrO at 600°C. This discussion focuses on the surface 

resistance/oxygen exchange kinetics changes of the oxygen electrode upon decoration and with 

changing temperature and pO2. The main focus of the discussion is the link between bulk properties of 

the material and the decoration effect. 

 

4.1 Discussion on bulk vs. surface acidity 
Based on the article of Nicollet and Tuller28, it is possible to determine an equivalent Smith acidity for 

perovskite oxides with a general formula AxA’1-xByB’1-yO3-δ with Equation 3, which can be applied to 

nominal La1-xSrxCoO3-δ with various Sr contents.   

𝛼𝐴𝑥𝐴1−𝑥
′ 𝐵𝑦𝐵1−𝑦

′ 𝑂3
=

𝑥𝛼𝐴𝑂 + (1 − 𝑥)𝛼𝐴′𝑂 + 𝑦𝛼𝐵𝑂 + (1 − 𝑦)𝛼𝐵′𝑂

2
. 3 

In Equation 3, 𝑥 denotes the A content, (1 − 𝑥) the A’content, 𝑦 the B content and (1 − 𝑦) the B’ 

content and 𝛼 the acidity of the oxide associated to A, A’, B and B’. 
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Using Equation 3, the acidity is -4.06, -3.74 and -3.58 for La0.8Sr0.2CoO3-δ, La0.9Sr0.1CoO3-δ, and 

La0.95Sr0.05CoO3-δ, respectively. From the point of view of the Smith acidity, the deposited CaO (-7.5) 

should enhance the oxygen exchange kinetics, but the opposite effect is observed. To better represent 

the ‘true’ acidity of the surface, observations from the literature have to be taken into account. 

Observations from literature have to be taken into account which suggest that the surfaces of 

La1-xSrxCoO3-δ perovskites are largely stabilized with an AO termination11,29–32. Then, the acidity of the 

surface would mainly be controlled by A site acidity, meaning a lower acidity than that of the bulk (A 

cations being more basic than B cations).  Moreover, there is a large body of evidence that confirms the 

segregation of the acceptor dopant (here strontium) to the surface, thereby further decreasing the surface 

acidity3,4,33,34.  These results are in agreement with Rupp et al.16: Using LEIS, they observed an 

enrichment of the surface in SrO (-9.4) up to 81 % after PLD of La0.6Sr0.4CoO3-δ. Considering these 

experimental observations the surface would then show an acidity closer from SrO acidity (-9.4), which 

would explain the detrimental effect of CaO decoration (-7.5).  

With strontium decorations, the optimum in oxygen exchange kinetics is reached at approximately 

0.273 nm deposited35 which in monolayers corresponds to approximately one monolayer of SrO. From 

the pristine state to one monolayer of SrO, the suggested explanation for the increase of kq is that further 

increasing Sr enrichment at the surface still decreases the Smith acidity, yielding an even more basic 

surface. Above one monolayer, the degradation of oxygen exchange kinetics for the three compositions 

suggest that the decoration blocks either one of the reactant species, e.g. electrons or oxygen vacancies. 

As the pO2 dependence does not change with decoration, the rate-determining step should remain the 

same. However, the substantial changes of activation energy with decoration suggest that the energy 

barrier for the rate-limiting step is strongly affected by the type and amount of decoration. From this 

study, the mechanism causing this change of energy barrier remains unclear and will require a more in-

depth analysis. 

4.2 Discussion on the magnitude of the decoration effect 
A second effect that requires discussion is the magnitude of the changes of kq upon decoration with 

binary oxides. More precisely, how this magnitude varies depending on the starting mixed conducting 

oxide.  

First, the relative change of ASR of various La1-xSrxCoO3-δ compositions is studied in relation to their 

dependency on the Smith acidity of the decoration, as illustrated in Figure 5 a). The relative change of 

ASR is calculated using the area specific resistance (ASR) at 1.5 monolayers of decoration normalized 

by the ASR of the pristine sample for the different La1-xSrxCoO3-δ compositions. The equivalent in terms 

of monolayers deposited is determined using the data available in Table 1. 

Material Parameter 

considered (nm) 

Thickness of one 

monolayer (nm) 

Monolayers deposited 

(comparison PCO/LSC) 

CaO 0.486 0.243 1.5 

SnO2 0.474 0.237 1.4 

SrO / 0.273 1.6 

Table 1. Deposition Parameters of the binary oxides35–37 

For the SrO-decorated samples, a notable decrease of the factor is observed: 0.5 for La0.9Sr0.1CoO3-δ, and 

0.8 for La0.8Sr0.2CoO3-δ and La0.95Sr0.05CoO3-δ. In contrast, when decorated with CaO, the degradation 

factor increases, with a factor of 1.6 for La0.9Sr0.1CoO3-δ, 1.4 for La0.95Sr0.05CoO3-δ, and 1.2 for 

La0.8Sr0.2CoO3-δ. In the case of SnO2, the decoration leads to a substantial increase in ASR, with a 

degradation factor of 6.1 for La0.9Sr0.1CoO3-δ, 6.0 for La0.8Sr0.2CoO3-δ, and 4.4 for La0.95Sr0.05CoO3-δ. It is 

important to note that there are no clear observable trends associated with the Sr content in the 

La1-xSrxCoO3-δ compositions. 
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The effect of acceptor dopant concentration in La1-xSrxCoO3-δ on oxygen surface exchange kinetics can 

be further discussed. Indeed, this study shows no significant influence of the level of Sr nominal 

concentration of La1-xSrxCoO3-δ on the oxygen surface exchange coefficient. A hypothesis can be 

formulated to explain this feature. The electronic conductivity at the measured temperature (600 °C) is 

metallic-type even for the lower Sr concentration38, i.e. 5 at.%. We suggest that the electron 

concentration at the surface of the La1-xSrxCoO3-δ with the lowest Sr-doping content is high enough not 

to be limiting for the oxygen exchange reaction. The most noticeable distinction lies in the initial oxygen 

surface exchange coefficient as shown previously in Figure 2 and Figure 3. This evolution is attributed 

to the oxygen vacancy concentration of the bulk material. This evolution is still to be clarified 

considering the rate-limiting step associated is the oxygen adsorption kinetics. As for La0.9Sr0.1CoO3-δ, 

the peculiar behaviour of the SrO decoration appears to stem from the elevated initial oxygen exchange 

kinetics of the regenerated electrode. 

Next, the impact of decorations on La1-xSrxCoO3-δ compositions is compared with prior findings from 

Riedl et al.9 on Pr0.1Ce0.9O2-δ.  

For the sake of clarity, the relative change of ASR of the different La1-xSrxCoO3-δ samples of this work 

are averaged and compared with relative change of ASR obtained for Pr0.1Ce0.9O2-δ 

Initially, the relative change of ASR values of the pristine samples are depicted alongside the calculated 

acidity for Pr0.1Ce0.9O2-δ and an arbitrary value for the three La1-xSrxCoO3-δ compositions of -7.6 

considering a more basic surface than CaO (-7.5). Both of the values are represented mainly as a 

qualitative reference and are not used to contribute to the fitted evolution. Notably, decorations with 

basic oxides on Pr0.1Ce0.9O2-δ lead to a substantial reduction in ASR, with SrO and CaO decorations 

decreasing it by factors of 5.6 and 2.5, respectively, while increasing it by a factor of 3.2 with SnO2 

decoration. The trend for La1-xSrxCoO3-δ appears to be more moderate, with the ASR changing by a 

factor of 0.69 for SrO decorations and increasing by factors of 1.4 and 5.5 for CaO and SnO2 decorations, 

respectively.  

Recently Siebenhofer et al.22 formalized a theory on the modifications of surface properties of the 

electrode with the Smith acidity scale using a combination of experimental data and DFT calculations. 

As described by Nicollet et al.8 the addition of oxide at the surface of the electrode induce a modification 

of the work function of the host material. La1-xSrxCoO3-δ exhibits a work function of 4.4 eV while it goes 

up to 5.1 eV for Pr0.1Ce0.9O2-δ. Then, the decoration of the surface would induce a modification of the 

ionic potential of the surface creating dipoles. The more basic decorations tend to decrease the work 

function while more acidic decoration tend to increase the work function. However, this approach does 

not yet explain the difference of sensitivity of the electrode material to the decoration. 

Comparing the evolutions between the two mixed conducting oxides, Pr0.1Ce0.9O2-δ is more strongly 

impacted by decorations than the La1-xSrxCoO3-δ compositions. This evolution points toward a surface 

reaction controlled by the surface acidity. It can be hypothesized that the higher the difference of acidity 

between the surface and the decoration the more impactful the decoration on the oxygen exchange 

kinetics will be. This means that, despite its initially bad kinetics, Pr0.1Ce0.9O2-δ can be improved to a 

point where its kinetics are closer to the inherently better performing La1-xSrxCoO3-δ.  

With respect to these observations, although the present study focuses on the effect of decoration at low 

pO2 on La1-xSrxCoO3-δ structures, these observations can be considered to hold at higher temperature 

and higher pO2 as it was already observed for PCO8,9 at different pO2 and temperatures ranges. The 

effect of work function change extending the effect to other rate-limiting steps.  

Finally, with regard to the higher electrochemical stability of Pr0.1Ce0.9O2-δ due to the lack of cation 

segregation, these results call for a reassessment of the design principles for solid oxide cell electrodes, 

focussing on the right combination of surface and host material.  
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Figure 5. Degradation factor of a) decorated La0.95Sr0.05CoO3-δ ( ), La0.9Sr0.1CoO3-δ ( ) and La0.8Sr0.2CoO3-δ ( ) and b) 

mean La1-xSrxCoO3-δ degradation factor ( ) compared to the degradation factor of decorated Pr0.1Ce0.9O2-δ ( ) from Riedl et 

al.9, evolution with smith acidity of the decoration. 

5 Conclusion 
The effects of selected impurities (CaO, SrO and SnO2) at the surface of La1-xSrxCoO3-δ electrodes with 

various Sr contents were studied by i-PLD measurements. The oxygen exchange kinetics were 

monitored throughout the decoration process. The temperature dependence between 500 and 600 °C at 

0.04 mbar of pO2 and the pO2 dependence in the range of 10-5 and 10-1 bar at 600 °C were studied. It 

appears that all decorations are detrimental for the oxygen exchange kinetics of the La1-xSrxCoO3-δ 

electrodes except for a submonolayer decoration with SrO at 600 °C. This observation is independent 

of the nominal strontium content, which suggests that the effect of decoration is mainly a function of 

the surface termination of La1-xSrxCoO3-δ, and this termination is similar for all compositions.  

The effect of impurities changed the performances of the electrodes from an enhancement up to a factor 

of 2 for SrO decoration to a degradation down to a factor of 6 for SnO2 decoration at equivalent thickness 

deposited. Similar to what has been observed previously on Pr0.1Ce0.9O2-δ, the Smith acidity scale appears 

to serve as a qualitative descriptor for the impact of impurities on the kinetics of oxygen exchange of 

La1-xSrxCoO3-δ.  

As the decorations do not change the pO2 dependence, it seems that the rate-limiting step of the oxygen 

exchange reaction is not affected by the decoration. However, because the activation energy of the 

oxygen exchange kinetics is strongly affected by basic decorations, the energy barrier for the rate-

limiting step on La1-xSrxCoO3-δ is very sensitive to the decoration, which should be studied further. The 

change of Sr content in La1-xSrxCoO3-δ showed no clear difference with respect to the decoration impact 

on oxygen exchange kinetics. As compared with Pr0.1Ce0.9O2-δ (n-type semi-conductor) from a previous 

study, La1-xSrxCoO3-δ, (metal-like conductor) shows a weaker effect of basic oxide decorations to its 

exchange kinetics, while acidic oxides are more detrimental than on Pr0.1Ce0.9O2-δ. The effect observed 

was linked to an acidity difference between the surface and the deposited oxide.  

These results have strong implications for future solid oxide cell oxygen electrode design as they 

emphasize the relative importance of surface and bulk properties of the host oxide. This leads to a high 

degree of freedom in the choice and combination of materials and opens new opportunities to tailor 

kinetically fast and electrochemically stable electrodes. 
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