
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 7
/2

3/
20

25
 1

0:
07

:5
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Oxygen exchang
aInstitute of Chemical Technologies and An

Austria. E-mail: matthaeus.siebenhofer@tuw
bKyushu University, Next-Generation Fuel C
cX-Ray Center, Vienna University of Technol

Cite this: J. Mater. Chem. A, 2020, 8,
7968

Received 27th November 2019
Accepted 24th March 2020

DOI: 10.1039/c9ta13020a

rsc.li/materials-a

7968 | J. Mater. Chem. A, 2020, 8, 7
e kinetics and nonstoichiometry of
pristine La0.6Sr0.4CoO3�d thin films unaltered by
degradation

Matthäus Siebenhofer, *a Tobias Martin Huber, ab Gernot Friedbacher,a

Werner Artner,c Jürgen Fleiga and Markus Kubicek *a

La0.6Sr0.4CoO3�d thin films grown on YSZ single crystals were investigated directly in the stage of deposition

by means of in situ impedance spectroscopy during pulsed laser deposition (IPLD). This method allows the

observation of dense thin films unaltered by degradation and provides information about the oxygen

exchange kinetics as well as the defect chemistry of pristine LSC thin films. These measurements

revealed remarkably low surface resistance values (1.3 U cm2 at 600 �C and 0.04 mbar O2) compared to

films measured outside the PLD chamber (�20 U cm2 at 600 �C and 0.04 mbar O2). Also the activation

energy of the surface exchange resistance at 0.04 mbar p(O2) is significantly lower than at ambient

conditions (�1 eV vs. �1.3 eV) and degradation happens considerably slower. Furthermore, the grain size

of the LSC thin film does not affect its initial surface resistance directly after deposition. The chemical

capacitance of LSC thin films was linked to the concentration of oxygen vacancies and shows that LSC

thin films exhibit lower oxygen vacancy concentrations than the corresponding bulk material.
1 Introduction

The optimization of cathode materials for solid oxide fuel cells
(SOFCs) and electrolysis cells (SOECs) is an important step
towards efficient and sustainable energy conversion and
storage.1,2 Because of its high catalytic activity for the oxygen
reduction reaction, La0.6Sr0.4CoO3�d (LSC) is a promising
candidate for this challenge.3,4 However, one of the remaining
obstacles in the broader use of LSC is its susceptibility to
changes of the surface structure e.g. due to Sr-segregation5–9 and
chromium or sulfur poisoning.10,11

To further deepen the understanding of the degradation
mechanisms and possible countermeasures, it is necessary to
retrace the properties and the structure of LSC to a point before
degradation starts. When standard impedance spectroscopic
measurements are used to analyze materials,12,13 every sample is
exposed to several environmental factors such as degradation
sources as well as thermal expansion stress between deposition
and measurement.14 Consequently, data for the electrical
properties of LSC aer deposition calculated from measure-
ments of different authors at different conditions vary within
several orders of magnitude.9,15–17

In this study, a recently developed technique was employed
to perform electrochemical impedance spectroscopy
alytics, Vienna University of Technology,
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measurements on thin lms during and directly aer pulsed
laser deposition18,19 on LSC thin lms, grown on yttria stabilized
zirconia (YSZ) single crystals. It was possible to track the elec-
trochemical properties of the deposited material directly during
growth and thus achieve an electrochemical characterization of
pristine LSC thin lms yet unaltered by degradation processes.
This contribution reports the results of these measurements
and compares them to ex situ experiments.
2 Methods
2.1 Sample preparation

At rst current collector grids (5 nm Ti/100 nm Pt, 30 mm square
holes/5 mm stripes) were prepared by li-off photolithography
and metal sputtering (Bal Tec MED 020, Leica Microsystems
GmbH, Germany) on both sides of (100) oriented yttria stabi-
lized zirconia (YSZ, 9.5 mol% Y2O3, Crystec GmbH, Germany)
single crystalline substrates (5 � 5 � 0.5 mm3). This grid served
as the base for working electrode (WE) and counter electrode
(CE) and ensured that the whole lm was active (Fig. 1). Aer
deposition each sample was examined with optical microscopy
to calculate the exact area of the active LSC surface (¼area of the
LSC/YSZ interface), which is typically in the range of 35% to
42% of the entire sample area.

The LSC targets for the pulsed laser deposition (PLD) of the
thin lms were synthesized from powders via a Pechini
routine.20 La2O3, SrCO3 powders and Co granules (all Sigma-
Aldrich, 99.995%) were each dissolved in nitric acid (Aldrich,
70% puried by redistillation, 99.999%), diluted with water
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Microscope photographs of grid details (a and c) as well as overviews of larger sample areas before and after deposition (b and d).
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and mixed. 1.1 mol citric acid (Aldrich 99.9998%metals basis)
was added for each mol of cations for chelation. The mixture
was heated on a hotplate and aer sufficient evaporation of
water a viscous foam developed which self-ignited aer
continuous heating. The product was calcined at 1000 �C for
2 h and pressed to a pellet by cold isostatic pressing
(300–310 MPa) which was then sintered in air for 12 h at
1200 �C, yielding a La0.6Sr0.4CoO3�d PLD target. The exact
composition of the thin lms slightly differed from the target
so the preparation routine was modied until the thin lm
composition was of satisfying quality.21 The nal thin lm
composition (La0.612�0.002Sr0.406�0.003Co0.983�0.005O3) was
determined from a thin lm deposited on YSZ by standard
PLD, which was dissolved in hydrochloric acid and analyzed
with inductively coupled plasma-mass spectroscopy (Thermo
Scientic iCAP Q, USA).

LSC lms were then deposited by PLD on top of the current
collector grids. All depositions were done by means of a KrF (l¼
248 nm) excimer laser (Lambda Physics, COMPex Pro 201) with
a laser uence of approximately 2 J cm�2. For the counter
electrode 9000 laser pulses at a frequency of 5 Hz were shot on
the LSC target with the target substrate distance set to 5 cm, the
atmosphere was set to 0.4 mbar p(O2) and the substrate was
heated to a temperature of 450 �C, measured with a pyrometer
(Heitronics). These deposition conditions yielded columnar and
porous lms which showed an especially low polarization
resistance due to an increased inner surface.4,21 Aer the
counter electrode deposition process was nished the sample
was cooled to room temperature in the deposition atmosphere
at a cooling rate of 15 �C min�1 to room temperature. Then the
edge sides of the sample were treated by grinding to remove
excess material, thus preventing short circuits. The resulting
samples were then used for the following IPLD study in which
dense LSC thin lms were investigated.
Fig. 2 Sketch of the IPLD setup and of the standard sample structure.
2.2 In situ impedance spectroscopy during PLD (IPLD)

The IPLD setup is shown in Fig. 2. Details of the method are
described elsewhere.19 At the beginning a corundum plate is
placed directly on the platinum heating wires. To contact the
counter electrode, a platinum sheet is placed on top and xed
by a corundum frame with an opening. Then the sample with
both current collectors and the counter electrode already
deposited is placed into this opening such that the counter
electrode is in contact with the platinum sheet. Aerwards it is
covered with another corundum plate with a smaller opening
This journal is © The Royal Society of Chemistry 2020
which serves as a mask during PLD to avoid coating along the
sample faces. The top current collector is then contacted by a Pt
tip attached to a Cu arm.

Before the actual IPLD measurements started the LSC target
was ground and cleaned, mounted in the PLD chamber and
preablated for 60 s at 5 Hz. The atmosphere was then set to
0.04 mbar p(O2) and the sample was heated to the desired
temperature which was controlled by measuring the high
frequency minimum or real axis intercept of impedance
measurements. This resistance is largely caused by the ionic
conduction of YSZ but also includes an internal resistance of
the setup which was previously measured and subtracted.
Combined with the known temperature-conductivity relation of
YSZ single crystals13 the resulting resistance was used to deter-
mine the actual sample temperature. During the deposition of
the working electrode the laser was operated with a frequency of
2 Hz for a predened pulse number.

Then impedance measurements were performed with an
Alpha-A High Performance Frequency Analyzer and
J. Mater. Chem. A, 2020, 8, 7968–7979 | 7969
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Electrochemical Test Station POT/GAL 30V/2A setup by Novo-
control Technologies in the frequency regime from 106 to
10�1 Hz. The resolution was set to ve points per decade and an
alternating voltage of 10 mV rms was used. Two impedance
spectra were recorded for each lm thickness. Those generally
agreed very well, ensuring that the defect chemistry of the
sample was equilibrated and that degradation processes inside
the PLD chamber were negligibly slow on this timescale. The
LSC growth rate was about 0.025 nm/pulse which was
conrmed with prolometer (DekTakXT, Bruker, USA)
measurements of the deposited lms.
2.3 Structural characterization

Samples with thin lms deposited at different temperatures
were examined by means of grazing incidence X-ray diffraction
(XRD) with an incidence angle of 2� in an Empyrean X-ray
diffractometer (Malvern Panalytical) equipped with a parallel
beam mirror on the incident beam side and a parallel plate
collimator and a scintillation detector on the diffracted beam
side. All scans were done with a measuring time of �1 h per
sample. The diffractograms were analyzed with Panalytical
Highscore.22

Atomic force microscopy (AFM) was performed on samples
deposited at different temperatures to analyze differences in
surface microstructures. The measurements were done in
tapping mode with a Nanoscope V multimode setup (Bruker)
over a scan area of 1 � 1 mm2. The graphs of the experimental
data were treated with ImageJ to gain information about grain
size and grain density.
2.4 Ex situ electrochemical characterization

Ex situ impedance spectroscopy was performed with an Alpha-A
High Performance Frequency Analyzer and Electrochemical
Test Station POT/GAL 30V/2A setup by Novocontrol Technolo-
gies in the frequency regime from 106 to 10�2 Hz. The samples
Fig. 3 Diffractograms and AFM scans of samples with LSC films (100 nm
550 �C (b), 500 �C (c) and 450 �C (d).

7970 | J. Mater. Chem. A, 2020, 8, 7968–7979
were heated in a tube furnace and the temperature was
measured with a type S thermocouple positioned about 1 cm
next to the sample. For low oxygen partial pressure experiments
the ex situ setup was evacuated to a base pressure of 10�5 mbar
and aerwards the desired p(O2) was set with a controlled
oxygen gas ow. Ex situ measurements at ambient conditions
were conducted in the same setup lled with air.

3 Results and discussion
3.1 Structure and surface of La0.6Sr0.4CoO3�d thin lms

LSC thin lms were found to grow in a columnar way on the YSZ
substrates. Thin lms deposited at different temperatures all
showed the same crystal structure and phase purity. Additional
peaks from the platinum grid (visible in Fig. 3) could not be
avoided as the grid must be prepared before the deposition.

As expected from earlier studies6 and from nucleation
theory23 the AFM scans conrmed different surface morphol-
ogies for different deposition temperatures. All four samples
show clearly distinguishable and homogeneously distributed
grains with different grain size and different grain boundary
groove depth (Fig. 4). The average grain diameter increases from
16.6 nm for the sample deposited at 450 �C to 35.5 nm for the
sample deposited at 600 �C, the highest deposition tempera-
ture. Similarly the maximum grain boundary groove depth
increases from 7.0 to 12.6 nm. The average roughness of the
dense lms increases from 1.11 nm at 450 �C to 2.33 nm at
600 �C.

3.2 Impedance spectroscopy on LSC thin lms during
growth

In an earlier study using IPLD it was already discussed that
about 2–3 nm LSC are required to cover the Pt current collectors
to an extent that true LSC properties are measured.19 In accor-
dance with this study, the rst measured spectrum aer 2 nm
(100 pulses) includes three clearly distinguishable features
thickness) deposited on YSZ at different temperatures of 600 �C (a),

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Grain size, grain boundary groove depth and film roughness for
the four different deposition temperatures 600, 550, 500 and 450 �C;
all three properties, grain size, grain boundary groove depth and RMS
roughness increase with deposition temperature, lines are a guide to
the eye.
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(Fig. 5). The following interpretation of these arcs is based on
the current paths discussed in ref. 19 and 24. The rst feature in
the high frequency regime (100 kHz - 1 kHz) is attributed to
a current path which is limited by the sheet resistance of the
LSC thin lm RWE, sheet and the small double layer capacitance
at the interface between the current collector and the electrolyte
CCC, dl. This impedance feature becomes smaller with
increasing lm thickness. Some samples show a second high
frequency feature which was attributed to the resistive and
capacitative properties of the LSC/YSZ interface.12 At lower
frequencies the common current path of such thin lm cells
becomes dominant, i.e. current ow with rate limiting oxygen
Fig. 5 Impedance spectra for a growing LSC thin film after 80, 160 and
400 pulses (2, 4 and 10 nm). The film was grown at 600 �C and 0.04
mbar p(O2). All impedance data were fitted using the equivalent circuit
shown on top.

This journal is © The Royal Society of Chemistry 2020
surface exchange at either the working or the counter electrode
and chemical capacitors of the electrodes. This results in the
mid frequency arc (1 kHz to 1 Hz), corresponding to the growing
LSC top electrode, and a low frequency arc (<1 Hz), reecting the
LSC counter electrode. The chemical capacitance of the counter
electrode is much higher due to its larger thickness and the
corresponding impedance feature remains constant over the
course of the experiment.

This study has a focus on the mid frequency arc which
represents the oxygen exchange resistance RWE, surf and the
largely chemical capacitance CWE of the growing LSC lm.18

These results can be interpreted with regard to the kinetic and
thermodynamic properties of the LSC lm. The impedance
contribution was quantied by an equivalent circuit t of the
spectra to three serial R-CPE elements, see Fig. 5 (CPE ¼
constant phase element). The capacitance of the LSC working
electrode can be calculated from the corresponding CPE
element, which describes a non ideal capacitor, using the
following relations:25

ZCPE ¼ Q�1(iu)�n and C ¼ (R1�nQ)1/n, (1)

with the t parameters n and Q. Typical exponents of n were in
the range of 0.7 to 0.9.

The LSC oxygen exchange resistance RWE, surf was then
normalized to the lm area in direct contact with YSZ, excluding
the inactive area above the Pt current collectors.19 The area
specic surface exchange resistance of LSC thin lms is shown
in Fig. 6. The plot shows that the resistance drops signicantly
over the rst 20 nm and levels off at about 30 to 50 nm.
However, this decay is not due to improved surface exchange
properties but is a consequence of the LSC sheet resistance
which reduces the active LSC surface area for very thin LSC
lms.19 Thus, for very early stages of lm growth only a part of
the free LSC area between the current collector grid is active and
the resistance normalized to the whole LSC area is increased.
Therefore, the rst 50 nm are not taken into account when
averaging the actual surface exchange resistance of the lms.
Fig. 6 Surface exchange resistance (RWE, surf) of LSC thin films
normalized to the grid-free area measured in situ during PLD at
different deposition (¼measurement) temperatures and 0.04 mbar
p(O2).

J. Mater. Chem. A, 2020, 8, 7968–7979 | 7971
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Fig. 7 Surface exchange resistance and chemical capacitances of
films directly measured in situ (IPLD) at the respective deposition
temperature and a deposition pressure of 0.04 mbar p(O2). (Ten
different films were investigated and thus an activation energy analysis
is not performed here, lines are a guide to the eye.)
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The average values resulting above 50 nm are given in Fig. 6 and
plotted in Fig. 7 versus the deposition (¼measurement)
temperature. These resistances are remarkably low, particularly
when taking into account the low oxygen partial pressure of
0.04 mbar (e.g. 1.3 U cm2 at 600 �C).

The capacitances of the thin lms are shown in Fig. 8. Those
are largely due to the chemical bulk capacitance of LSC and
increase during growth.26 Chemical capacitances are dened
according to
Fig. 8 Capacitances (CWE) of LSC thin films normalized to the grid-
free area during exemplary in situ PLD measurements at different
deposition and measurement temperatures and 0.04 mbar p(O2). The
values of the last 50 nm were used to extrapolate the capacitance to
lower thicknesses.

7972 | J. Mater. Chem. A, 2020, 8, 7968–7979
Cchem ¼ 4F 2n0
�
vmO

vcO

��1
; (2)

where n0 is the absolute concentration of oxygen sites.
When extrapolating the capacitance data from the thicker
lms, one is le with a residual capacitance which is alrea-
dy known from earlier experiments.19 This is attributed to
a thickness-independent interfacial capacitance. An increase
of this interfacial capacitance with deposition temperature
(from 0.4 mF cm�2 at 450 �C to 1.5 mF cm�2 at 600 �C) is
observed. Those values are in the range of the capacitance at
600 �C reported in ref. 19 (1 mF cm�2). Exact reasons behind
this interfacial capacitance are not yet known, but its high value
and its temperature dependence clearly point to a non-
electrostatic, i.e. chemical, origin. The main capacitive contri-
bution, however, is the thickness dependent bulk chemical
capacitance of the LSC lm. Its normalized value is accessible
from the slope of the measured capacitance vs. thickness (x)
curve according to

CWE ¼ CWE, int + CWE, chemx. (3)

These normalized chemical bulk capacitances CWE, chem are
given in Fig. 8 and are plotted in Fig. 7 versus the deposition
temperature.

As expected for a chemical capacitance, CWE, chem increases
with temperature due to the accompanying rise of the oxygen
vacancy concentration. It is higher than values reported in
previous studies which themselves scatter, partly due to
different measurement conditions4,15–17,19,27 (see Table 1). Our
high capacitance is largely attributed to the low oxygen partial
pressure in the PLD chamber which results in a high concen-
tration of oxygen vacancies.
3.3 In situ analysis of oxygen surface exchange on pristine
LSC thin lms: temperature and grain size effects

To compare the properties of differently deposited pristine LSC
thin lms directly aer deposition it is necessary to bring the
samples prepared at different temperatures to the same
measurement temperature. To minimize degradation, the
samples were only measured at temperatures lower than the
Table 1 Chemical capacitance of LSC thin films at different conditions
measured by various authors

Source T [�C] p(O2) CWE, chem [F cm�3]

This work – in situ 600 0.04 mbar �2900
This work – ex situ 600 0.21 mbar �1500
Januschewsky et al.4 600 0.21 bar �2000
Wilson et al.16 725 0.01 bar �2200
Wilson et al.16 725 0.21 bar �1100
Kawada et al.17 600 0.1 mbar �2000
Rupp et al.19 600 0.04 mbar �1300
Rupp et al.15 600 0.4 mbar �2500
Sase et al.27 700 0.1 bar �1050
Sase et al.27 700 0.1 mbar �2000

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Comparison of the surface exchange resistance of pristine LSC
films deposited at different temperatures (1.02 eV activation energy
results without the film deposited at 450 �C, else EA ¼ 1.05 eV).
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deposition temperature. Thereby the lm deposited at 600 �C
was measured at the four temperatures 600, 550, 500 and 450 �C
while the sample prepared at 450 �C was only measured at
450 �C. The results are shown in Fig. 9. Interestingly, all data
points lie close to the Arrhenius line given by the lm deposited
at 600 �C. Accordingly, we conclude that the preparation
temperature has very little effect on the initial oxygen exchange
properties, very fast oxygen exchange is found for all deposition
temperatures. Hence, an overall analysis of all points was per-
formed and lead to an activation energy EA ¼ 1.05 eV for the
oxygen exchange reaction of these freshly deposited lms.
Excluding the lm prepared at 450 �C, which is slightly off, we
get an activation energy of EA ¼ 1.02 eV. This is unusually low
compared to literature data obtained ex situ4,15,28–31 (see Table 2).
In all cases the average measured surface exchange resistance is
very low for all temperatures, ranging between RWE � 1.3 U cm2

(at 600 �C and p(O2) ¼ 0.04 mbar) and RWE � 20.9 U cm2 (at
450 �C and p(O2) ¼ 0.04 mbar) excluding the sample at 450 �C.
Table 2 Activation energies of LSC surface exchange resistances
measured ex situ at different conditions by various authors

Source T [�C] p(O2) EA [eV]

This work – in situ 450–600 0.04 mbar 1.02–1.05
This work – ex situ 450–600 0.21 mbar 1.31–1.59
This work – ex situ 450–600 0.04 mbar 0.85–0.96
Rupp et al.15 475–600 0.21 bar 1.26
Egger et al.28 525–725 0.001 bar 1.44
Egger et al.28 525–725 0.1 bar 1.84
Januschewsky et al.4 <670 1 bar 1.4
Zhao et al.29 450–600 0.21 bar 1.26–1.33
Hayd et al.30 500–700 0.21 bar 1.42
Baumann et al.31 600–750 0.21 bar 1.3

This journal is © The Royal Society of Chemistry 2020
These results indicate that the crystallite size of the lm,
which depends on the deposition temperature, has no signi-
cant effect on the surface exchange reaction properties of the
lms. This is expected since LSC is a mixed ionic electronic
conducting material and the whole surface area of the electrode
is available for the oxygen exchange reaction. On the other hand
studies of other authors have shown that LSC thin lms
deposited at different temperatures show differences in degra-
dation behaviour and thus also in their ex situ surface exchange
resistance.6 Although the area specic grain boundary length in
our experiments almost doubles when decreasing the deposi-
tion temperature from 600 �C to 450 �C, the surface exchange
resistance shows no corresponding trend and seems to be not
affected by the different grain sizes (see Fig. 10). Thus, we
conclude that in pristine LSC lms, grain boundaries do not
contribute signicantly to the oxygen exchange reaction. This is
also in accordance with (ex situ) tracer exchange measurements
done by Saranya et al.32
3.4 Comparison of oxygen exchange properties measured in
situ (pristine lms) and ex situ

To gain information about the ex situ behavior of the thin lms,
another set of samples was deposited at the same conditions (all
four deposition temperatures and 0.04 mbar p(O2)). Again the in
situ surface exchange resistance data t very well to the previ-
ously measured data. These samples were then measured
during temperature cycling between 450 �C and 650 �C in
a conventional setup aer evacuation and lling with oxygen to
reach the same operating pressure as in the PLD chamber.
These measurements show a severe change in the surface
exchange resistance between in situ and ex situ measurements
(Fig. 11a). Already the very rst ex situ measurements revealed
more than an order of magnitude higher resistances than the in
situ studies (“unknown degradation” in Fig. 11a). The heating/
cooling cycle lead to only slight further degradation of the
Fig. 10 Dependence of the surface exchange resistance of the thin
film grain size. To illustrate the impact of the grain size on the structure
of the film the area specific grain boundary length is also plotted in the
figure. Lines are a guide to the eye.

J. Mater. Chem. A, 2020, 8, 7968–7979 | 7973

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ta13020a


Fig. 11 Arrhenius plots of the surface exchange resistance values averaged over the dense LSC thin films deposited at 450, 500, 550 and 600 �C,
measured in different environments (all measurements at 0.04 mbar are shown in (a), measurements in air are shown in (b)). Arrhenius lines are
labelled with the corresponding activation energies.

Fig. 12 Evolution of the surface exchange resistance of dense LSC thin
films deposited at different temperatures but all measured at 600 �C
during different stages of the experiment. Significant changes of the
surface exchange resistance were labelled according to their reason.
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surface resistance and an average activation energy of 0.96 eV
resulting without 650 �C data, which is close to the in situ
measurements (1.02–1.05 eV). The small difference is at least
partly attributed to the fact that the in situ measurements were
only performed during cooling. This is a rst indication that the
severe difference between in situ and ex situ measurements due
to “unknown” degradation possibly originates from the number
of catalytically active sites but not a difference in the oxygen
exchange mechanism itself.

Aer the ex situmeasurements at 0.04 mbar oxygen the setup
was lled with air and the samples were measured again in
ambient conditions. During these measurements an initial
partial pressure induced decrease of the surface exchange
resistance by a factor of 10 (at 600 �C) was observed (Fig. 11b).
However, the two heating/cooling cycles shown in this gure
indicate a very severe degradation in this atmosphere in
contrast to the cycles in 0.04 mbar O2. This also complicates the
determination of accurate activation energies. For averaged
resistance values of two consecutive heating/cooling cycles, we
get 1.31 eV and 1.59 eV respectively. Changing nally back to
0.04 mbar oxygen revealed a strongly increased resistance (due
to the degradation in ambient air) but again a low activation
energy (1.10 eV). Accordingly, we can conclude that the surface
exchange kinetics has a substantially higher activation energy in
air compared to 0.04 mbar O2, independent of the degradation
state. However, it is still unknown, whether or not this activa-
tion energy change between 0.04 mbar O2 and air indicates
a mechanism change. Also temperature and p(O2) dependent
defect concentrations may cause a change for one and the same
mechanism.33

The complete evolution of the surface exchange resistance
over the course of the experiments is visualized in Fig. 12.
Despite the continuous ex situ degradation we can estimate an
ex situ partial pressure dependent change of RWE, surf in the
7974 | J. Mater. Chem. A, 2020, 8, 7968–7979
range of a factor of ten between 0.21 bar and 0.04 mbar O2.
When projecting the same dependence to the pristine lms (in
situ measured) we get a very low surface exchange resistance of
about 0.1 U cm2 at 600 �C in air. Still, even aer the rst
“unknown degradation” and about 36 h of measurements at
0.04 mbar O2 we nd surface exchange resistance values
between 1.7 and 2.9 U cm2 ex situ in air and at 600 �C which is
lower thanmost values reported in literature.19 This emphasizes
This journal is © The Royal Society of Chemistry 2020
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that our LSC thin lms are exceptionally active in situ and still
kinetically very fast ex situ, despite the unknown degradation
processes.

For a further discussion of the degradation phenomena
occuring in the experiments conducted in this study it is useful
to consider three experimental stages: in situ measurements,
the transfer to the ex situ setup and ex situ measurements (see
Fig. 13). Already in situ, shortly aer deposition, a rst degra-
dation of the LSC thin lm surface activity can be observed.
Since the oxygen partial pressure inside of the PLD chamber is
very low and no other gases are present in considerable
amounts, the degradation inside of the PLD chamber is likely
due to internal driving forces leading to Sr segregation. For
example the sizemismatch of the doped cations and the thereby
induced lattice strain, as well as electrostatic interactions may
pull Sr ions out of the bulk towards the surface.8 This
assumption is also supported by the results of XPS measure-
ments which show an increased Sr content near the surface for
some samples directly aer deposition.6 In a representative
measurement a lm deposited at 450 �C was heated to 600 �C in
the in situ setup and the degradation of the surface exchange
resistance was measured (see Fig. 13). Aer 15 h, the initial
resistance of 2 U cm2 increased by a factor of 4 and approached
a stable value of 8 U cm2 in 0.04 mbar oxygen atmosphere.

In the rst ex situ measurement at low oxygen partial pres-
sures the surface exchange resistance was usually between 20
and 30 U cm2. Since samples were usually removed from the
PLD chamber within 30 min, there seem to be further adverse
processes occurring during cooling in PLD atmosphere, during
the transfer to the ex situ setup in air, or during heating up ex
situ. These contributions are summarized as environmental
contributions in Fig. 13.
Fig. 13 Overview of different degradation sources and driving forces in d
kinetic mechanisms are visualized next to exemplary measurements con

This journal is © The Royal Society of Chemistry 2020
During cooling and heating the samples are exposed to
thermal stress which could lead to irreversible changes of the
sample surface structure. Several authors report that it is
possible that the sample surface cracks due to different thermic
expansion coefficients of the lm and the electrolyte mate-
rials.15,34 However, such cracks could not be found in AFM
imaging. Furthermore, cracking of dense model electrodes
would also lead to an increase of the free surface area, thus
rather promoting the oxygen exchange reaction than impeding
it. For these reasons thermal stress does not seem to be the
reason for the observed degradation phenomenon between in
situ and ex situ measurements.

During the transfer to the ex situ setup and in the ex situ
setup itself the sample surface is exposed to lab air and a new
measurement atmosphere for several hours. The most likely
reason for the much higher surface exchange resistance during
the rst ex situ measurements is the adsorption of gas mole-
cules on the surface, related to classic poisoning effects during
operation.7,11 Such adsorbed molecules may facilitate or accel-
erate the formation of a number of species already found in ex
situ annealing experiments like SrO,6 SrOH2,6 SrCO3,35

SrSO4
11,36,37 which could also form during the rst heating and

impede the initially very fast oxygen exchange reaction.
In the nal stage of the experiments, during ex situ

measurements in air, a further strong degradation of the
surface activity was observed. We strongly expect that the
degradation effects in this phase are dominated by oxide or
hydroxide formation processes which were also observed in the
XPS results from Cai et al.,6 indicating that SrO or Sr(OH)2
phases form on LSC surfaces exposed to high temperatures
(600 �C) and air.
ifferent experimental stages – in situ, during transfer and ex situ. Basic
cerning the particular degradation processes.
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We thus conclude that not only our ex situ properties but also
most other ones reported so far on thin lm LSC do not fully
exploit the kinetic capability of LSC surfaces. This again high-
lights the necessity to futher explore the in situ/ex situ difference
and ways how to avoid it. While Sr segregation due to elastic
driving forces can hardly be avoided in pure LSC, yet unknown
processes seem to happen during the rst exposure to air and
the exposure to the gas in the measurement setup. A parallel
study on La0.6Sr0.4FeO3 (with similar effects) indicates that
sulfur, which is also known to have a severe effect on the surface
exchange kinetics in the form of SO2 poisoning during opera-
tion11 may play a key role in the processes during the transfer
from in situ to ex situ setups.
3.5 Chemical capacitances measured in situ and ex situ

With regard to the chemical capacitance of the lms, the ex situ
measurements at PLD conditions show a signicant increase of
Cchem compared to the in situ measurements, especially at
higher temperatures (Fig. 14). Since the chemical capacitance is
a bulk property, these changes are not necessarily connected to
the unknown degradation of RWE, surf. A severe contribution due
to asymmetrical heating of the sample in the in situ measure-
ment setup is excluded, as the highest thermovoltage induced
in the single crystal at 600 �C was �35 mV which does not shi
the chemical potential of oxygen in LSC substantially. When the
ex situ setup is lled with air, the chemical capacitance
decreases to �1500 F cm�3 at 600 �C, a value which is in the
range of literature values at comparable conditions (refer to
Table 1). As there are very few other data available on the
chemical capacitance of LSC thin lms at such conditions, it is
still difficult to make a conclusive statement about the reasons
behind the difference between in situ and ex situmeasurements.
Similar measurements on the chemical capacitance of 1.5 mm
thin lms at such oxygen partial pressures were only done by
Fig. 14 Chemical capacitance values of dense LSC thin films averaged
for films measured in situ and ex situ at different oxygen partial pres-
sures and different temperatures. Each value is an average of films
deposited at 450, 500, 550 and 600 �C.

7976 | J. Mater. Chem. A, 2020, 8, 7968–7979
Kawada et al. who found lower capacitances (�2200 F cm�3 at
600 �C and 0.04 mbar p(O2)).17 One possible reason for the
higher ex situ capacitance is that, due to compressive strain
introduced during the PLD process,38 the formation of oxygen
vacancies in our thin lms is signicantly inhibited which
would lead to a decreased concentration of oxygen vacancies
and thus of Cchem for the unrelaxed in situ lms.

For further discussion we may relate the chemical capaci-
tance to the defect chemistry of the material. The capacitance of
a lm with diluted defects can be interpreted with regard to the
chemical composition according to:33,39

Cchem ¼ 4e2

kBT

�
1

cV
þ 4

ceon

��1
; (4)

where cV and ceon denote the concentration per unit cell of
vacancies and electronic defects, respectively. Cchem thus
depends mainly on the minority charge carrier. LSC shows
a complex defect chemistry due to its metallic behavior and the
dilute limit is certainly not given for electronic charge carriers.
However, we assume that oxygen vacancies are still present at
comparatively low concentrations for most of our experiments
and hence eqn (4) is still used as a rst estimate to further
analyze our data. The cell volume needed for this estimate was
calculated with the lattice parameter a ¼ 3.9496 Å.40 Assuming
that the vast majority of the oxygen vacancies in the material are
introduced by doping, correlated with the doping concentration
by

cðh�Þ þ 2c
�
V

��

O

� ¼ cdop; (5)

the dependency between the chemical capacitance and the
concentration of oxygen vacancies can be calculated according
to (Fig. 15):
Fig. 15 Chemical capacitances according to eqn (6) for 600 �C and
450 �C and defect concentrations of La0.6Sr0.4CoO3�d calculated from
the chemical capacitance measured in situ in 0.04 mbar O2. The
symbols (squares for 600 �C and triangles for 450 �C) indicate the two
possible cV values leading to the measured Cchem (according to eqn
(7)). The temperature dependence indicates the lower cV values as the
relevant ones.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ta13020a


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 7
/2

3/
20

25
 1

0:
07

:5
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Cchem ¼ 4e2

kBT

 
cV
�
cdop � 2cV

�
cdop þ 2cV

!
; (6)

and consequently the oxygen vacancy concentration is given by:

cV ¼ cdop

4
� CChemkBT

8e2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�cdopCChemkBT

8e2
þ
�
� cdop

4
þ CChemkBT

8e2

�2
s

: (7)

Regarding the correlation of chemical capacitance
and oxygen vacancy concentration, every chemical
capacitance can thus be caused by two different values of cV.
The measured temperature dependence of Cchem, together
with the known positive vacancy formation enthalpy,
identies the lower values as the correct ones (see arrow in
Fig. 15), i.e. 2 � 1020 cm�3 at 450 �C and 5 � 1020 cm�3 at
600 �C. These values correspond to oxygen nonstoichiometries
of 0.01 at 450 �C and 0.027 at 600 �C. In Fig. 16 oxygen non-
stoichiometries resulting for in situmeasurements, as well as ex
situmeasurements at 0.04 mbar O2 and ambient conditions are
shown in more detail. Furthermore oxygen nonstoichiometry
measurements of several other authors on bulk LSC are dis-
played for comparison. The ex situ measurement at 0.04 mbar
p(O2) and 600 �C could not be analyzed in the same manner as
we seemingly approach a region where the dilute limit is not
valid anymore and the interaction between charge carriers
cannot be neglected; the measured 5000 F cm�3 is already
slightly higher than the nominal maximum possible for a dilute
model at 600 �C (4743 F cm�3).

For both the low pressure and the ambient regime the
comparison of the oxygen nonstoichiometries of our thin lms
to bulk measurements of other authors shows that the thin
lms tend to exhibit a lower oxygen vacancy concentration than
Fig. 16 Oxygen nonstoichiometry of La0.6Sr0.4CoO3�d films during in
situ and ex situ measurements compared to bulk measurements of
several authors in different pressure and temperature regimes (Kuhn
et al.,41 Sitte et al.,42 Wang et al.43). Lines are a guide to the eye.

This journal is © The Royal Society of Chemistry 2020
bulk samples at comparable conditions.41–43 This also supports
the conclusion of Kawada et al.17 that the oxygen vacancy
formation enthalpy in thin lms is higher than for bulk samples
of the same composition.

4 Conclusions

With IPLD a novel measurement technique is employed to
characterize growing dense LSC thin lms directly during
pulsed laser deposition. This technique allows the investigation
of LSC thin lms at very early stages aer deposition. These
pristine LSC lms, unaltered by degradation processes show
very low surface exchange resistance (RWE � 1.3 U cm2 for
600 �C and p(O2) ¼ 0.04 mbar) and an unusually low activation
energy (1.02–1.05 eV). The same lms measured ex situ in
comparable conditions showmore than 10 times higher surface
exchange resistance values, but a comparable activation energy.
This points toward a yet unknown degradation mechanism
affecting pristine LSC surfaces during the rst exposure to air or
measurement environment. When measured ex situ in air the
resistance drops again but degradation happens much faster.
The activation energy increases to higher values (in the
1.3–1.6 eV range), indicating a p(O2) dependent activation
energy of the surface exchange resistance of LSC thin lms. It is
worth emphasizing that even ex situ the lms exhibit high
electrochemical activity compared to most literature data, at
least before further degradation. Grain size does not seem to
affect the oxygen exchange reaction of LSC thin lms at all since
lms deposited at different temperatures (resulting in different
grain sizes) show very similar in situ properties. Furthermore,
with the method described in this study, it is possible to exactly
measure the chemical capacitance of freshly deposited thin
lms and to assess their otherwise hardly accessible defect
chemistry. The results of these measurements suggest that thin
lms tend to have a lower oxygen vacancy concentration
compared to bulk measurements at comparable conditions.
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