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induced surface degradation in
SrCoO3-derivatives and its impact on redox
kinetics†

Andrea Cavallaro, * George E. Wilson, Gwilherm Kerherve, Eleonora Cali,
Celeste A. M. van den Bosch, Paul Boldrin, David Payne, Stephen J. Skinner
and Ainara Aguadero

Substituted SrCoO3 perovskites have been proposed as promising mixed ionic electronic conductors for

a range of applications including intermediate temperature solid oxide fuel cells (IT-SOFCs), electrolysers

and thermochemical water splitting reactors for H2 production. In this work we investigate the effect of

sample exposure to water in substituted SrCoO3 powders and thin films and correlate it with the

degradation of oxygen mobility and kinetics. SrCo0.95Sb0.05O3�d (SCS) thin films have been deposited on

different single crystal substrates by pulsed laser deposition (PLD). After water cleaning and post

annealing at 300 �C, the sample surface presented an increase of the SrO-surface species as observed

by ex situ X-ray Photoemission Spectroscopy (XPS) analysis. This increase in SrO at the sample surface

has also been confirmed by the Low Energy Ion Scattering (LEIS) technique on both SCS thin film and

powder. Thermochemical water splitting experiments on SCS and SrCo0.95Mo0.05O3�d (SCM) powder

revealed a phase degradation under water oxidising conditions at high temperature with the formation of

the trigonal phase Sr6Co5O15. Transmission Electron Microscopy (TEM) analysis of SCS powder treated

with water suggests that this phase degradation could already superficially start at Room Temperature

(RT). By isotope exchange depth profile experiments on SCS thin films, we were able to quantify the

oxygen diffusivity in this SCS surface decomposed layer (D* ¼ 5.1 � 10�17 cm2 s�1 at 400 �C). In the

specific case of bulk powder, the effect of water superficial decomposition translates into a lower

oxidation and reduction kinetics as demonstrated by comparative thermogravimetric analysis (TGA) studies.
1 Introduction

At intermediate-temperature-solid-oxide-fuel-cell working
temperature and ambient pressure, unsubstituted SrCoOx

(SCO) stabilises into a 2H hexagonal polytype.1–6 This low
temperature phase is slightly Co-decient and described by
Harrison as the trigonal phase with stoichiometry Sr6Co5O15.5

This compound has both lower electronic conductivity and
oxygen permeability, and consequently is expected to have
lower catalytic activity towards the oxygen reduction reaction
(ORR) compared with the high temperature cubic SCO.7–11 The
SrCoO3�d stabilization in a 3C arrangement occurs when the B-
site is partially substituted with a high valence cation prevent-
ing the face-sharing arrangement of the hexagonal phase. It can
also be achieved by decreasing the tolerance factor through
partially substituting the A-site cation for one of smaller ionic
radius or promoting the reduction of the Co oxidation state. For
ondon, London SW7 2AZ, UK. E-mail: a.

tion (ESI) available. See DOI:

4528–24538
B-site substituent concentration generally lower or equal to 0.2,
the SrCoO3�d stabilized in the tetragonal superstructure at
room temperature (P4/mmm).11 Over this concentration the
cubic phase is the stable one at RT. At a relatively low temper-
ature the tetragonal SrCoO3�d presents a high peak electronic
conductivity value, signicantly greater than the unsubstituted
high-temperature cubic phase (280 S cm�1 at 400 �C and
150 S cm�1 at 925 �C respectively).7,11 Stabilising the tetragonal
or cubic SrCoO3�d phase has been experimentally demonstrated
through substituting either the B-site12–23 or the A-site24–29 of the
SCO perovskite respectively. The high catalytic activity suggests
that the substituted SCO phases are ideal cathodes for IT-
SOFCs. From many studies reporting on SCO cathodes, Zhu
et al., for example, measured an impressive peak power density
of 1016 mW cm�2 and an electrode-area-specic resistance of
0.052 U cm2 at 500 �C for a full cell.23 These electrochemical
performances were measured for a Sr0.95Nb0.1Co0.9O3�d cathode
on a Sm0.2Ce0.8O1.9–Ni (50 : 50 v/v) anode-supported
Sm0.2Ce0.8O1.9 (10 mm) electrolyte single cell. Although many
studies have proposed substituted SCO as an ideal candidate for
IT-SOFCs, only a few have considered the degradation of this
cathode surface over time.23,24,30 Zhu et al. indicates SrCO3
This journal is © The Royal Society of Chemistry 2021
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formation as responsible for the loss of surface activity of the
cathode surface.23 The increase of CO2 species in the gas ow
during electrochemical impedance spectroscopy (EIS)
measurements was responsible for the increase of area specic
resistance (ASR) of the analysed symmetric cell. This detri-
mental surface degradation was described as partially reversible
once CO2 was removed from the gas source. The reversible role
of CO2 in the performance degradation of substituted SCO was
also reported by Yang et al.24 For Sr substituted A-site perov-
skites, the issue of Sr atoms segregating at the cathode surface,
with consequent deactivation of the surface catalytic activity,
has been extensively explored. The thermodynamic driving
forces of cation segregation in perovskites have been broadly
reviewed by Koo et al.1 One of the causes for strontium segre-
gation is related to the elastic energy produced by the substi-
tution of the A-site cation for one of a larger size, as in the case
of strontium atoms partially substituting the smaller
lanthanum species:31–35 the larger the size difference between
the dopant and host atom the larger the elastic energy driving
force for Sr segregation will be. The same type of elastic energy
on the A-site cation can also be generated when the B-site is
substituted, as reported by Koo et al.35 studying the Sr segre-
gation in SrTi0.5Fe0.5O3�d epitaxial thin lms. The second
important driving force is an electrostatic force. Surfaces in
solids are generally charged due to the loss of symmetry at the
solid surface. In La0.8Sr0.2CoO3 (LSC), for example, Tsvetkov
et al. investigated the relationship between oxygen vacancy ðV��

OÞ
accumulation at the LSC surface and strontium segregation.36

The relatively positively charged oxygen vacancies electrostati-
cally attract the negatively charged A-site dopants, described in
the Kröger–Vink notation as Sr

0
La. Theoretical and experimental

results proved that this could also be a cause for cation segre-
gation. Due to the complex nature of the problem, both elastic
and electrostatic driving forces concurrently affect cation
segregation, and each contribution is not easily separable. The
third and less explored aspect of the segregation is the reaction
of the material with the gas atmosphere, in particular with H2O
and CO2. These chemical reactions are ultimately responsible
for the appearance of reactant species such as hydroxide, oxide
or carbonates at the cathode surfaces.37–42 Niania et al. studied
the effect of different gas atmospheres at high temperature on
surface strontium segregation of a La0.6Sr0.4Co0.2Fe0.8O3�d

(LSCF) bulk material and determined that a water enriched
atmosphere had a much greater effect upon particle growth
compared to air or oxygen atmospheres.42 In this study, we
investigated the surface SrO-formation in the B-site substituted
SCO perovskite (Sb, Mo). The reactivity of the B-site substituted
SCO phase towards water has been explored both at room
temperature and at high temperature by two different experi-
mental approaches. The rst method employed dense epitaxial
SCS lms grown by pulsed laser deposition (PLD) on different
single crystals: SrTiO3 (001) (STO), (LaAlO3)0.3(Sr2TaAlO6)0.7
(001) (LSAT) and NdGaO3 (110) (NGO). The effect of water
cleaning at room temperature before thermal treatment was
investigated. The water reaction with the SCS surface was
studied by comparative XPS and LEIS experiments. In addition,
the quantication of the oxygen diffusion in the SCS surface
This journal is © The Royal Society of Chemistry 2021
phase aer the water reaction was attempted using the isotope
exchange depth prole technique (IEDP). In our complementary
experiments we replicated the study with SrCo0.095Sb0.05O3�d

and SrCo0.095Mo0.05O3�d (SCM) powder samples due to their
commercial interest for water splitting application. Finally,
transmission electron microscopy (TEM) and thermogravi-
metric analysis (TGA) were employed to explore both the
material surface phase change and the redox kinetics behaviour
aer the materials' reaction with water.
2 Experimental
2.1 SCS and SCM powder preparation by the citrate route

B-site substituted SrCoO3 (B ¼ Sb, Mo) with the composition
SrCo0.95B0.05O3�d was synthesised using the citrate-modied
method11 whereby stoichiometric amounts of precursor
powders (Sr(NO3)2 (>99.0%, Sigma Aldrich), Co(NO3)2$6H2O
(98.0–102.0%, Alfa Aesar), (NH4)6Mo7O24$4H2O (99.0%, Alfa
Aesar), and Sb2O3 (99.0% Alfa Aesar)) were weighed and added
to a stirring solution of 0.1 M citric acid (aq. 1.0% (v/v) 68.0%
nitric acid). The precursors and the solution were heated to
a temperature between 60 and 80 �C resulting in their complete
dissolution. Water was subsequently evaporated by heating to
350 �C promoting the gelation of the solution. The dry gel was
decomposed in an extraction furnace at 600 �C for 12 hours
before further calcination steps in a muffle furnace at 900, 1000
and 1200 �C, for 12, 24 and 24 hours respectively with inter-
mediate grinding stages using an agate mortar. To produce the
SCS-PLD target, 7 g of powder prepared with this procedure was
pressed rst in a uniaxial press at 5 tons (pellet f¼ 20 mm) and
subsequently in an isostatic press at 300 MPa. A sintering step
in a tubular furnace at 1200 �C for 12 h was necessary to obtain
a pellet density of around 93% (measured by geometry).

In the comparative study of the substituted SCO phase
decomposition, the as-sintered powder was compared with the
water treated one. In this case the nomenclature “no water” and
“water” was employed, respectively.
2.2 PLD thin lm preparation

The PLD lms were grown using a Compex Pro 201 KrF excimer
laser (248 nm) at 1 Hz pulse repetition with a laser uence of
around 2 J cm�2 (80 mJ over 4 mm2 spot size). Ablation of the
SCS dense target was performed in a 32 mbar atmosphere of
pure O2 (99.999%). Substrates were commercial single crystals
of SrTiO3 (001) (STO), (LaAlO3)0.3–(Sr2AlTaO6)0.7 (001) (LSAT)
and NdGaO3 (110) (NGO) from Crystal, GmbH. Substrate
temperatures were set to 800 �C. Target to substrate distance
was xed at about 50 mm. Aer the SCS thin lm deposition,
and before the lm was cooled to room temperature, the PLD
chamber was lled with 800 mbar of oxygen to compensate
oxygen defects in the lms which form due to the reducing
conditions of the PLD deposition technique. In the study of the
effect of water on the substituted SCO thin lm surface
decomposition, the effect of water and acetone was compared.
Only for the thin lm experiments, the nomenclature “water”
and “acetone” was employed.
J. Mater. Chem. A, 2021, 9, 24528–24538 | 24529
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2.3 XPS analysis

The surface chemistry and the electronic structure of the
cathode were characterized using high-resolution X-ray photo-
electron spectroscopy (XPS). To reduce the adsorbed carbon on
the sample surface, the samples were analysed just aer an
annealing in dry pure oxygen at 300 �C in a closed tube. The
spectra were recorded on a Thermo Scientic K-Alpha+ X-ray
photoelectron spectrometer operating at 2 � 10�9 mbar base
pressure equipped with amonochromated, micro-focused Al Ka
X-ray source (hn ¼ 1486.6 eV) and a 180� double focusing
hemispherical analyser with a 2D detector. The X-ray source was
operated at 6 mA emission current and 12 kV anode bias
providing an X-ray spot size of 400 mm2. Survey spectra were
recorded at 200 eV pass energy, 20 eV pass energy for the core
level. The binding energy was calibrated to the C 1s photo-
emission peak of adventitious hydrocarbons at 284.8 eV. The
quantitative XPS analysis was performed using the Avantage
soware.
2.4 LEIS analysis

The outermost atomic surface and sub-surface chemical
compositions were measured with a Qtac100 low-energy ion
scattering spectroscopy (LEIS) instrument (IONTOF GmbH,
Münster, Germany) operated with normal incidence He+ (3 keV)
or Ne+ (5 keV) as primary beam sources. The instrument is
coupled with a secondary ion beam sputtering source of 0.5–2
keV Ar+, incident at 45� to normal. This was employed to provide
information about the chemical composition of the sub-surface
region. The LEIS depth prole analysis was run by alternating
the analysis Ne+ beam with the Ar+ sputtering beam with a dwell
time of 0.5 s. The primary beam scanning area was set as 500 �
500 mm2 and the rastered area with the secondary ion beam was
1000 � 1000 mm2.
2.5 Isotope exchange depth prole (IEDP) experiments

SCS thin lm surfaces were cleaned with acetone or water and
dried with a cotton stick before the exchange experiment. The
samples subjected to isotopic exchange were enclosed in
a quartz tube and pumped down to 10�7 mbar. A rst annealing
in 200 mbar of pure oxygen N5 (99.999%) with 18O2 in the
normal isotopic abundance was performed. This pre-annealing
is employed to neutralize any oxygen material defects induced
by the high reducing conditions in which the lms were grown
in the PLD chamber. Aer pre-annealing the tube was pumped
down again and re-lled with an �90% 18O2 enriched gas (200
mbar). Aer annealing the sample was quenched to room
temperature to avoid any oxygen back-exchange. The exchange
temperature and time were around 400 �C and 10 min respec-
tively. As reported by Chater et al. 10 min exchange is close to
the lower time limit for an IEDP experiment. This will reduce
the accuracy of the results.43 However, as these experiments
were meant as a comparative study, and the samples treated
with different solvents were exchanged at the same time, we
believe that this limitation will not affect our conclusions.
Further details about IEDP experiments are provided in Chater
24530 | J. Mater. Chem. A, 2021, 9, 24528–24538
et al.43 Once exchanged, the 18O diffusion prole signal was
recorded using a TOF-SIMS 5 instrument (ION-TOF GmbH,
Munster, Germany). The negative ion analysis was performed
using a liquid metal bismuth gun (LMIG). A 25 keV Bi+ primary
ion beamwas used to generate the secondary ion detected in the
burst alignment mode. A secondary Cs+ ion beam (1 keV) was
employed for the depth prole analysis. The analysis beam area
was 50 mm� 50 mmwhile the sputtering area was 150 mm � 150
mm. The pause time between analysis and sputtering was 0.1 s.

2.6 Thermochemical water splitting of SCS and SCM
powders

Thermochemical water splitting was conducted using an
experimental rig as illustrated in Fig. S1.† Approximately
300 mg of oxide powder was loaded onto a quartz wool base in
a quartz tube before being secured in a vertically orientated
cylindrical ow furnace. The powder was heated to the reducing
temperature, Tred at a rate of 20 �Cmin�1 under a continuous 60
ml min�1 nitrogen ($99%) ow. A 20 minute isothermal hold at
Tred was included to equilibrate the non-stoichiometry within
the powder, before rapid cooling to the chosen oxidation
temperature, Tox. An 80% water vapour to gas ratio atmosphere
was subsequently introduced by controlled evaporation and
mixing at 80 �C. Hydrogen, nitrogen, and oxygen output gas
pressures were simultaneously measured using a Thermo
Fisher ProLab Benchtop Mass Spectrometer. Isothermal water
splitting experiments where Tred ¼ Tox were also performed.

2.7 TEM analysis

Imaging of the samples at the nanoscale was carried out by
transmission electron microscopy (TEM) using an FEI Titan
operating at a 300 kV voltage equipped with a Cs aberration
image corrector. TEM specimen preparation was carried out by
drop-casting a suspension of the powder samples, previously
sonicated in high purity isopropanol, on holey carbon lm
copper grids (3.05 mm diam. 300 mesh, TAAB). Lattice spacing
measurement was performed by the analysis of FFT patterns
generated from the regions of interest in the raw micrographs.

2.8 TGA analysis

The oxygen storage capability of the substituted SCO powders
was investigated using a Netzsch F5 thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) system in
tandem. Approximately 75 mg of powder was loaded into
a platinum crucible and heated to the target temperature at
a rate of 10 �C min�1 under a nitrogen ow of 60 ml min�1. The
target temperature was held for 20 minutes to reach the equi-
librium. Redox experiments were run isothermally changing the
analysis gas atmosphere between N2 and synthetic air and vice
versa.

3 Results and discussion
3.1 Low energy ion scattering surface analysis

One gram of SrCo0.95Sb0.05O3�d powder, prepared by the citrate
route, was immersed in water for 5 min and dried in air at
This journal is © The Royal Society of Chemistry 2021
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100 �C. Another gram was immersed only in acetone. The as-
synthesised SCS and SCM powder purity was conrmed by Le
Bail renement of the XRD powder diffraction data (see
Fig. S2†). Aer drying the powder at 100 �C, the two samples
were analysed by LEIS. This technique allows the chemical
composition of the rst atomic layer of the sample to be
determined. When employing the low energy argon secondary
ion beam, it is possible to perform depth prole analysis and
obtain the chemical information of the rst 1–30 nm of the
sample surface. Details about the LEIS technique can be found
elsewhere.44 Fig. 1 shows the normalised intensity of the LEIS
spectra of Sr, Sb and Co, respectively. The sample that was
Fig. 1 Ne+ 5 keV depth profile LEIS analysis of SCS powders. For each
spectrum, the Sr, Co and Sb species energy peaks were integrated, and
the intensities plotted as a function of the total Ar+ sputtering dose.
The as-synthesized powder (purple dots) and the same batch of
powder but analyzed after being dipped in water and dried at 100 �C
(black dots) are compared.

This journal is © The Royal Society of Chemistry 2021
treated in water presents less Co and Sb at the surface. Other-
wise, the Sr concentration increased. LEIS provides accurate
chemical information of the rst monoatomic layer with the
highest surface sensitivity of all the spectroscopic surface
analysis techniques (i.e. SIMS, XPS). However, it is impossible to
obtain information about the nature of the Sr-species enriched
at the sample surface. For this reason, XPS was also employed.
The SCS powder treated in water and dried at 100 �C was ana-
lysed by XRD as well. The powder diffraction was inconclusive
and the presence of crystalline SrO-species was not clear (XRD
pattern is presented in Fig. S3†). This could indicate that the
reaction at this low temperature is constrained at the material
surface.
3.2 XPS analysis on substituted SCO

A thin lm sample of SCS (�15 nm), grown on NGO (001) single
crystal by PLD, was cut into two parts with a diamond saw. One
part was immersed in acetone and the other half in Milli-Q
puried water for 5 min. The two samples were dried with
a cotton stick and heated in a controlled atmosphere (200 mbar
of pure oxygen N5) at 300 �C for 1 h. This procedure was opti-
mized to eliminate as much adsorbed carbon as possible, which
could otherwise complicate the XPS analysis. Aer heating in
a closed tube, the two samples were directly loaded into the XPS
chamber to reduce air exposure. In Fig. 2, XPS analysis of Sr 3d
core level is presented. Generally, the tting of this core level
reported in the literature is obtained with two features: one
narrow contribution at lower binding energy, assigned to lattice
Sr–O, and a wider contribution at higher binding energy,
assigned to Sr at the outermost surface such as Sr–CO3 and
surface Sr–O or Sr–(OH)2.45–48 Similar to Van der Heide,49 this
model did not t our data well and a three-contribution model
of similar full width half maximum (FWHM) was chosen
instead, with contributions from lower to higher binding energy
of lattice Sr–O, surface Sr–O or Sr–(OH)2 and Sr–CO3, respec-
tively. Details about the tting are shown in Table S1.† The
sample treated in water shows an increase of the surface Sr–O or
Sr–(OH)2 – species and a reduction of the lattice Sr–O (corre-
sponding to the Sr in the perovskite structure). This was proved
reproducible for different samples grown on different
substrates (see Fig. S4†). The increasing Sr-concentration at the
material surface agrees with the LEIS measurement results.
Even though the contact with water was relatively short, this
proved to be sufficiently long to trigger the strontium reaction
and formation of a SrO-enriched layer at room temperature.
Tunney et al. reported an XPS study for the SrFeyCo1�yOx phases
(y between 0 and 0.9).50 Their study was performed on 250–
350 nm thin lms deposited by PLD on a (1�102) single-crystal
sapphire substrate. For y ¼ 0, the lm adopted the SrCoO2.52

hexagonal structure.50 XPS analysis showed two main features
for the O 1s spectra: binding energy at 529.5 eV and between 531
and 532 eV respectively, similar to our observations for the O 1s
spectra of the SCS sample dipped in water, Fig. 3. In this sample
the O-lattice binding energy doublet reduces dramatically in
comparison with the sample cleaned in acetone. A more
detailed tting of the O 1s spectra can be found in Fig. S5.†
J. Mater. Chem. A, 2021, 9, 24528–24538 | 24531

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta04174f


Fig. 2 Sr 3d core level XPS analysis of 15 nm SCS thin film grown by PLD on an NGO single crystal. The sample was cut into two, half treated in
acetone (left) and half in water (right) for 5 min. After drying, both samples were treated at 300 �C in pure oxygen before the XPS analysis.
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Some similarities can also be observed for the Sr 3d doublet,
where, for the sample treated in water, there is a reduction of
the lattice Sr–O contribution and an increase of the surface Sr–O
contribution. This could be suggesting a partial decomposition
of the lm surface and the possible formation of the Sr6Co5O15

trigonal phase. To separate the effect of the water cleaning from
the heating at 300 �C, a 15 nm SCS thin lm sample deposited
on NGO (110) single crystal was cut and subjected to the
following treatment: sample-1 (S1) cleaned in acetone, dried
with a cotton stick and heated in pure oxygen at 300 �C, sample-
2 (S2) cleaned in water and dried at room temperature, sample-3
(S3) cleaned in water, dried with a cotton stick and heated in
pure oxygen at 300 �C. Fig. 4 shows the comparative XPS results
for the three samples. The results were normalised to the peak
of the Co 2p3/2. The C 1s spectra reveal the effect of heating–
Fig. 3 O 1s core level comparison XPS analysis of 15 nm SCS thin film.
For the film previously treated in water a binding energy peak at
529.4 eV appears and the M–O peak intensity decreases at the same
time. The O 1s binding energy spectra are comparable to the one
previously reported by Tunney measuring a hexagonal SCO thin film.50

24532 | J. Mater. Chem. A, 2021, 9, 24528–24538
cleaning at 300 �C in oxygen: as a matter of fact, sample 2 (S2),
only dried at RT, is the one with the higher adventitious carbon
at a binding energy of 284.8 eV. This adsorbed carbon is
removed during the heat treatment in oxygen. Looking then at
Sb 3d3/2, a difference between the samples cleaned in water and
acetone is also apparent. When the sample was washed with
water, the Sb 3d3/2 originally located at 538 eV and assigned to
the lattice SCS moves towards higher binding energy (539 eV)
corresponding to the Sb2O3 species.51 This is in agreement with
an SCS lm surface decomposition mechanism into SrO, Sb2O3

and SrCoOx species. From these comparison experiments we
can conclude that the degradation of the surface in the presence
of water is already starting at room temperature. XPS analysis
typically samples between 7 and 10 nm of the sample surface.
Since the Sr2+-bulk and the O-lattice signals are still present in
the Sr 3d and O 1s spectra respectively, we can estimate
a decomposition volume that does not overcome the rst 10 nm
of the SCS surface. Rupp et al. reported the effect of water in
removing the SrO forming at the La0.6Sr0.4CoO3�d thin lm
surface.45 From the surface of the La0.6Sr0.4CoO3�d cathode
analysed in Rupp's study, the insulating SrO-species formed at
the surface during the PLD deposition was partially water-
dissolved at room temperature. For substituted SCO material,
instead, water seems to trigger a surface material decomposi-
tion process related to the thermodynamic instability of the
phase as we will discuss later. This phase instability was also
demonstrated for both the Mo-substituted SCO (XPS results in
Fig. S6†) and for A-site decient Sr0.95Co0.95Sb0.05O3�d material
(XPS results in Fig. S7†) both analysed in the powder state. The
change in the Co 2p spectra for the powder sample treated with
water showed a clear decrease of Co3+/4+ and an increase of Co2+,
suggesting a decrease of the total formal oxidation state of the
cobalt, in agreement with the formation of Sr6Co5O15.
3.3 Isotope exchange depth prole experiments

The effect of SCS surface decomposition was also studied by
IEDP experiments. The same sample surface water treatment
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 XPS study on the effect of temperature and cleaning solvent in SCS thin film surface chemical change: sample-1 (S1) cleaned in acetone,
dried with a cotton stick and heated in pure oxygen at 300 �C, sample-2 (S2) cleaned in water and dried at room temperature, sample-3 (S3)
cleaned in water, dried with a cotton stick and heated in pure oxygen at 300 �C.

Fig. 5 IEDP experiment was performed on 15 nm SCS thin film
deposited on LSAT single crystal cut into two parts. TOF-SIMS depth
profile analysis is presented here. Before the isotopic exchange, half
a sample was cleaned in acetone (green dots) and the other half in
water (orange dots). The oxygen-18 concentration is plotted as
a function of the sputtering time. Exchange temperature and time
were around 400 �C and 10 minutes, respectively.
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was applied prior to the IEDP analysis experiments. A 15 nm
SCS thin lm grown on LSAT (100) sample was cut into two. One
piece was cleaned in water, the other in acetone for 5 min.
Aerwards both were dried using a cotton stick. To reduce the
experimental uncertainty, both pieces were exchanged at the
same time in the same exchange tube. Aer pre-annealing in
pure 16O2 atmosphere, the samples were heated at 400 �C for
10 min in 200 mbar of 18O2 enriched gas atmosphere (�90%
enriched). By Time-Of-Flight-Secondary-Ion-Mass Spectrometry
(TOF-SIMS) the 18O isotope-diffusion concentration prole was
measured. Fig. 5 shows the oxygen concentration prole for the
sample cleaned in water (orange dots). Under these exchange
conditions, since the substrate will act as an oxygen barrier, this
very thin lm (15 nm) should fully saturate with 18O, however
a diffusion prole was measured instead. From the 18O diffu-
sion curve tting, D* and k* of 5 � 10�17 cm2 s�1 and 2 �
10�11 cm s�1 were measured respectively for the exchange at
400 �C. The fact that an 18O diffusion prole was observed
conrms the hypothesis that between the decomposition
products there must be a phase capable, even if slowly, of
conducting oxygen such as the trigonal unsubstituted
Sr6Co5O15 phase. In contrast, the sample cleaned only in
acetone (green dots) presents an 18O saturation plateau at
higher 18O concentration compared with the piece cleaned in
water, indicating faster oxygen diffusion. It is worth comment-
ing on the apparent uphill oxygen diffusion at the surface of the
sample. This unusual behaviour is consistent with a partial
This journal is © The Royal Society of Chemistry 2021
surface reaction with atmospheric water. Samples were kept
under atmospheric conditions aer PLD deposition. A partially
decomposed top-surface, not covering the full sample surface,
J. Mater. Chem. A, 2021, 9, 24528–24538 | 24533
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Fig. 6 Mass spectra of a thermochemical water splitting experiment
performed on the SCM powder. The O2 evolution signal during the
powder reduction in N2 is shown in blue. Two oxygen evolution peaks
are present. This is probably related to the phase transition from
tetragonal to the cubic phase. When water is introduced in the system,
blue area, no hydrogen evolution was detected.
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would appear in the TOF-SIMS depth prole as a lower 18O
concentration. This concentration would increase with depth as
soon as the decomposed layer would be sputtered, reaching an
18O saturation level that primarily depends on the annealing
temperature (see the schematic in Fig. S8†). Since acetone is
hygroscopic and can absorb till an 8% of water, the initial uphill
18O increase can otherwise be related to the partial surface
reaction with the water contained in the acetone. In the exper-
iments on thin lms, no measurement of the water content in
the acetone was performed. However, similar XPS results ob-
tained on the SSC powders (Fig. S7†), where the as-sintered
powder (no acetone treatment) is compared with the water-
treated one, seem to indicate a low/null effect of the acetone
absorbed water on the thin lm IEDP results. From these
experiments, it can be concluded that the surface degradation
reaction occurs already at RT. The change in oxygen diffusion
behaviour depending on the cleaning solvent (water or acetone)
was conrmed for the lms grown on NGO and STO single
crystal substrates (Fig. S9†).
Fig. 7 XRD analysis of SCM powder as synthesized (green) and after
the TCWS experiment (red). Part of the material has decomposed
during the thermochemical water splitting experiment, forming the
trigonal phase.
3.4 Substituted SrCoO3�d thermochemical water splitting

To prove the surface degradation effect for practical applica-
tions, we performed an experiment to evaluate the activity of
this material in thermochemical water splitting (TCWS) for
hydrogen production applications. Typically, a two-step cyclical
process is employed: in the rst step both changes in temper-
ature and oxygen partial pressure are used to reduce the
material; in the second step the material is re-oxidized in
a water-enriched atmosphere with consequent hydrogen
production.52 In recent years, perovskites have gained more
interest for TCWS application due to their large oxygen storage
capabilities and lower operating temperatures compared to the
current state of the art material, ceria. Even though at these
lower water splitting temperatures (<800 �C) the total free
energy change of the two step process is generally endergonic,
by employing a signicant H2O excess, it is possible to push the
reaction towards the water splitting direction as reviewed by
Kubicek et al.53 SCS and SCM were considered promising
materials for TCWS due to their known large oxygen storage
content and fast surface reaction kinetics.54,55 Powders were
produced by a citrate route and their purity checked by XRD.
The preliminary TGA analyses of SCS and SCM powder samples
in a nitrogen atmosphere have shown maximum O2 exchange
capacities of 36 and 37 mmol per mol of SCS and SCM at 600 �C
respectively (the SCM TGA analysis, as an example, is shown in
Fig. S10†). Both phases, SCS and SCM, were tested in a furnace
system connected to a mass spectrometer, a schematic of the
system is presented in Fig. S1.† Mass spectrometry was
employed to monitor both oxygen evolution during the material
reduction, and hydrogen evolution during water oxidation. The
gas atmosphere was regulated by mass ow controllers,
changing from synthetic air to a low pO2 nitrogen atmosphere.
Water partial pressure was instead controlled using a water
mass ow controller (Bronkhorst). The system was initially
tested by employing ceria powder to verify that the appropriate
oxidation/reduction processes were observed. In Fig. 6 the mass
24534 | J. Mater. Chem. A, 2021, 9, 24528–24538
spectra for the SCM powder sample reduced at 1000 �C and
water-oxidized at 800 �C are presented. While the oxygen
evolution peak is clearly observable between 500 �C and
1000 �C, there was no sign of hydrogen evolution when water
(80%) was added to the system gas ow. The experiment was
repeated several times for both SCS and SCM and it consistently
showed no or very low hydrogen production compared to the
theoretically expected values from the oxygen evolution. XRD
analysis before and aer the TCWS experiment, Fig. 7, revealed
that the tetragonal phase partially decomposes towards the
trigonal Sr6Co5O15. For completeness, an isothermal TCWS at
600 �C, where a very low hydrogen evolution was measured, and
the XRD analysis of an SSC powder aer TCWS are also pre-
sented in Fig. S11.† LEIS analysis of the powder before and aer
This journal is © The Royal Society of Chemistry 2021
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the water splitting experiment (1000–800 �C experiment)
conrmed an increase of the Sr surface species (Fig. S12†). An
increase of Sr concentration similar to that observed for the PLD
SCS thin lm samples aer water cleaning at room temperature
was identied. The formation of a phase with very low oxygen
permeability such as the Sr6Co5O15 trigonal phase, agrees with
the measured low oxygen yield under reduction conditions.
Sr6Co5O15 oxygen permeability was previously investigated by
Kruidhof employing the oxygen permeability technique.8
3.5 Mechanism, thermodynamics and kinetics
considerations on the water induced substituted SCO phase
decomposition

TEM analysis was performed on SCS powder treated in water
and dried at 100 �C for 12 h. In Fig. 8, the High-Resolution
Transmission Electron Microscopy (HRTEM) image of the
powder is presented. Even though the untreated powder grain-
size is roughly 3–5 mm, the powder surface, aer water treat-
ment, is covered with small grains in the size range of 5–20 nm.
HR-TEM images of the powder aer water treatment, showed
a d-spacing of �3.11 Å and 3.01 Å corresponding unequivocally
to the Sr6Co5O15 (113) and (211) planes (black labelling),
respectively.56 The presence of the tetragonal SCS phase grains
was also conrmed by d-spacings of 2.62 Å (003) and 2.59 Å
(111) (red labelling) in Fig. 8. This nding is in good agreement
with our hypothesis that the tetragonal SCS phase is not stable
in contact with water, even at RT. The trigonal phase, also
represented as SrCo0.86O2.5, has a deciency in the B-site cation.
This cobalt deciency is supported by the XPS observation.
When the SCS thin lm surface decomposed aer contact with
Fig. 8 High-resolution TEM micrograph of the SCS powder dipped in
water and dried at 100 �C. Lattice spacings were obtained from
analysis of FFTs generated on different ROIs of the image. Crystallo-
graphic planes correspond uniquely to the Sr6Co5O16 phase (labelled
in black) and to the SCS tetragonal phase (labelled in red).

This journal is © The Royal Society of Chemistry 2021
water, the Sb 3d3/2 spectra present a higher binding energy with
respect to the Sb in the unreacted SCS lm, indicating the
formation of Sb2O3 species. The same can be said for the Mo
substituted SCO. Note that the presence of Co substituent (Sb or
Mo in this study) stabilises a 3C-disposition of the octahedra,
whereas the lack of it, stabilises a face sharing hexagonal
disposition.11 Antimony or molybdenum being released from
the perovskite structure would cause, inevitably, a deciency in
the cobalt content. The substituent in this composition
occupies only 5% of the B-site position. It is therefore possible
that more cobalt from the perovskite structure reacts, forming
a different species. This was observed aer the TCWS experi-
ments by XRD analysis of the post-treated powder, Fig. 7,
showing the formation of a CoO phase as well as the other
decomposition oxide species. SrO species enrichment at the
surface was observed by LEIS and XPS for the samples treated
with water. In this case, the main mechanism driving force for
the surface strontium segregation is clearly the reaction with
water. However, it is difficult to conrm if this enrichment has
a role in the phase degradation mechanism. Otherwise, the
formation of Sb2O3 or MoO3 could be the triggering reaction for
the decomposition of the substituted SCO in the presence of
water.

In the powder water treated at RT and analysed by HR-TEM
the degradation mechanism is expected to be the same as in the
case of the high temperature thermochemical water splitting
experiment. No crystalline CoO or SrO species could neverthe-
less be found by HR-TEM analysis, indicating in this case that
these species could be in an amorphous state. Actually, at the
surface, in some areas of the water-treated powder, an amor-
phous phase (thickness < 2 nm) was also observed, Fig. S13.†

Zhang et al., employing a predictive model, calculated the
Gibbs energy for all of the phases in the Sr–Co–O system. From
the calculated phase diagram, the trigonal phase Sr6Co5O15

results as themore stable phase in a large Co composition range
at temperatures below 1200 K.57 Usiskin et al. investigated the
thermodynamic stability of SrCo0.9Nb0.1O3�d (SCN) in relation
with the oxygen stoichiometry variation at different tempera-
tures and p(O2).58 They concluded that the SCN phase decom-
position is thermodynamically favoured when the oxygen
stoichiometry is greater than 2.58 (the Co formal oxidation state
is greater than�3.0+). For SCN at atmospheric pO2 pressure the
phase is stable only at a temperature above 850 �C. The
prediction and this last experimental work agree with the phase
instability issues of the substituted-SCO tetragonal phase
observed in this work. It can be then argued that the effect of
water is associated with an increase of the kinetics of the
substituted SCO decomposition reaction, thermodynamically
unstable under the employed temperature conditions.
3.6 Effect of the decomposed surface on the material redox
kinetics

The effect of water on the SCS powder was also investigated by
TGA analysis. In Fig. 9, the oxidation cycle from nitrogen to air
atmosphere is compared for the water-treated and untreated
powders. The weight gain curve for the as-prepared powder is
J. Mater. Chem. A, 2021, 9, 24528–24538 | 24535
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Fig. 9 TGA analysis comparison between SCS powder as synthesized
and after being dipped in water and dried. Only the oxygenation step
after reduction is shown. TGA temperature was maintained at 480 �C
during the redox process.
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represented in green while the water-treated one is in blue. Note
that the rst reduction cycle was not included in the compar-
ison as in this rst step, species adsorbed on the sample surface
other than oxygen are released. Aer being reduced in nitrogen
at 480 �C, the as-prepared powder shows a higher oxidation
kinetics rate (in air) compared with the powder, from the same
synthesis batch, dipped in water prior to the TGA analysis. The
degraded surface layer clearly affects the oxidation reaction rate.
Two full redox cycles are presented in Fig. S14.† In this experi-
ment the SCS powder was dipped in water for a longer time.
Considering that the powder with a degraded surface was not
completely oxidized before starting the reduction step, it can be
concluded that the reduction kinetics rate is also slower for the
SCS with a degraded surface. Therefore, whilst initially
appearing to be a promising material for TCWS, substituted
SCO phases are not exploitable for these applications. This
nding also poses the problem of employing these materials in
intermediate temperature SOFCs. A strict control of the cathode
atmosphere (low water content) would be required to prevent
rapid degradation of the IT-SOFC performance.
4 Conclusions

In this study the effect of water contact on substituted SCO
materials was investigated in both thin lm and powder form.
At high temperatures (>600 �C), the substituted SCO reaction
with water is macroscopic and appears as a phase decomposi-
tion of the B-site substituted SCO tetragonal phase (Sb or Mo).
Substituted SCO decomposed to the more thermodynamically
stable trigonal phase (Sr6Co5O15). By employing epitaxial dense
SCS thin lms as a model system, evidence of water surface
reaction at room temperature was found by comparing XPS and
LEIS analysis. The formation of a surface SrO-enriched layer
and Sb2O3 aer the SCS surface contact with water could be
responsible for triggering the SCS phase decomposition and the
appearance of Sr6Co5O15. Isotope exchange depth proling
experiments showed that the decomposed surface layer had an
24536 | J. Mater. Chem. A, 2021, 9, 24528–24538
oxygen isotope self-diffusion constant, D*, of 5 � 10�17 cm2 s�1

at 400 �C. When the powder reaction with water is at RT, the
forming degradation layer is likely conned to the rst 5–10 nm
of the material surface. This layer has a detrimental effect on
the redox kinetics rate as demonstrated by TGA analysis.
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