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rface chemical processes in
perovskite oxide electrodes†

Zijie Sha, Zonghao Shen, Eleonora Cal̀ı, John A. Kilner and Stephen J. Skinner *

The effect of operating conditions on the surface composition and evolution of (La0.8Sr0.2)0.95Cr0.5Fe0.5O3−d
(LSCrF8255) as a model perovskite oxide was investigated. LSCrF8255 pellets were annealed under dry oxygen

(pO2 = 200 mbar), wet oxygen (pO2 = 200 mbar, pH2O = 30 mbar), and water vapour (pO2 < 1 mbar, pH2O

= 30 mbar) environments to reflect the applications of perovskite materials as electrodes for oxygen

reduction/evolution and H2O electrolysis in electrochemical energy conversion devices such as solid oxide

fuel/electrolysis cells (SOFCs/SOECs) and oxygen transport membranes (OTMs). A series of comprehensive

surface characterization techniques were applied, including low energy ion scattering spectroscopy (LEIS), X-

ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry (SIMS), scanning electron microscopy

(SEM), scanning transmission electron microscopy (STEM), and energy-dispersive X-ray spectroscopy (EDX).

Our comprehensive study showed that after annealing at 900 °C for 27 hours, a severe level of Sr surface

segregation occurred on the sample annealed in both dry oxygen and water vapour but in different manners,

whereas on the sample annealed in wet oxygen, Sr segregation was likely suppressed. In addition, the Sr

segregation behaviour can be correlated to other mass transport phenomena, such as Cr evaporation and

redeposition and Si deposition, as well as to crystal orientation and defects such as grain boundaries and

dislocations. Apart from the Sr-enriched surface precipitates, phase separation was consistently observed on

the samples annealed in all three conditions. The secondary phase was found to be B-site cation enriched

(significantly Fe enriched, relatively Cr enriched) and A-site cation (La and Sr) deficient. Moreover, in contrast to

the Sr enriched surface, a La enriched surface was observed on samples annealed in dry oxygen at 600 and

700 °C, which was found to be potentially caused by the Sr and Cr surface evaporation processes.
1 Introduction

The ability of mixed ionic and electronic conducting (MIEC)
perovskite oxides (ABO3) to support both electronic and ionic
conductivity, as well as their desirable catalytic activities and
chemical and redox stability under demanding conditions,
make them promising electrode materials in electrochemical
energy conversion devices ranging from solid oxide fuel/
electrolysis cells (SOFCs/SOECs), and oxygen transport
membranes (OTMs) to metal–air batteries, as well as in gas
conversion and reforming applications.1–8 In all of these appli-
cations, the exchange of oxygen between the gas phase and
a MIEC electrode, under elevated temperatures and various
oxygen partial pressures, is critical to the overall performance of
the device. Since the oxygen exchange process is mediated at the
surface of the electrodes, it is not surprising that its kinetics are
strongly related to the chemical composition and structure of
the surface.9–15 However, surface instabilities may cause
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signicant compositional and structural deviations from the
bulk. Phenomena such as cation segregation and/or the
precipitation of secondary phases are commonly observed on
the surface of a range of perovskite oxides under the harsh
environments in which they function,9–11,16–33 having an effect on
electrode reactivity and stability.9–15,34–36 Therefore, it is vital and
technologically relevant to develop an in-depth understanding
of the nature of the electrode surfaces under their operating
conditions and to understand how changes in surface compo-
sition inuence performance and cause potential degradation
in operating devices.

Gas environments have been proven to have a direct impact
on the cation surface segregation process on a wide range of
perovskite oxides. Taking the commonly reported Sr surface
segregation as an example, excess Sr on the surface has been
reported in three main phases under different environments: (i)
oxides (SrOx),11,12,14,16,25–33 (ii) reaction products formed with
chemisorbed gases (e.g. Sr(OH)2, SrCO3),17,24,25,27,32,37 and/or (iii)
reconstructed Sr-excess phases (e.g. SrCrO4).38 In addition, the
extent of cation segregation has been proven to depend on
external conditions such as temperature11,16,17,24 and oxygen
partial pressure.11,39,40 Although the surface composition evolu-
tion of MIEC electrodes is widely studied, there has been little
J. Mater. Chem. A, 2023, 11, 5645–5659 | 5645
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discussion on the effect of operating conditions on a model
system.

In this research, taking (La0.8Sr0.2)0.95Cr0.5Fe0.5O3−d

(LSCrF8255) as a model MIEC perovskite oxide, the surface
composition evolution was studied under dry oxygen (pO2= 200
mbar), wet oxygen (pO2 = 200 mbar, pH2O = 30 mbar), and
water vapour (pO2 < 1 mbar, pH2O = 30 mbar) environments, to
reect the implementation of the materials for oxygen
reduction/evolution and H2O electrolysis in the applications
mentioned above. It is worth noting that LSCrF8255 was chosen
for its excellent bulk stability under both oxidizing and reducing
environments at elevated temperatures.37 The humid environ-
ments were of particular interest as water vapour is a funda-
mental molecule present in the input gas stream of the solid-
state electrochemical systems, acting as either impurities
beside molecular oxygen in ambient air, or as an electrolysis
source for hydrogen production. The surface chemistry and
morphology of the materials were investigated using a comple-
mentary multi-technique approach. A summary of the low
energy ion scattering spectroscopy (LEIS), X-ray photoelectron
spectroscopy (XPS), secondary ion mass spectrometry (SIMS),
scanning electron microscopy (SEM), scanning transmission
electron microscopy (STEM), and energy-dispersive X-ray spec-
troscopy (EDX) techniques applied in this study is shown in
Table 1.

Table 1 highlights the importance of utilizing a combination
of different surface characterization techniques as one method
is incapable of providing all necessary information. By
combining techniques with information depths ranging from
the outermost atomic layer (uniquely for LEIS) to the sub- and
near-surface region with depth < 10 nm (probed by XPS, angle-
resolved XPS, LEIS and SIMS depth proling, and STEM), to the
bulk region with depth in the mm range (probed by SEM and
STEM), and the variety of information obtained from each
technique, it is demonstrated in this work that a complete and
comprehensive understanding of the surface chemistry can be
achieved.

2 Results and discussion
2.1. Sr segregated surface chemistry

Cation segregation at the perovskite oxide surface is
a commonly observed phenomenon that has a direct impact on
the surface reactivity and stability of the material.9–11,14,16–33
Table 1 Summary of the time-of-flight secondary ion mass spectrom
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM
dispersive X-ray spectroscopy (EDX) techniques applied in this study.41–4

Properties ToF-SIMS LEIS

Information depth 1–2 nm 1 atomic layer
Detection limits ppb Up to 0.1%
Lateral resolution ca. 100 nm–few microns 1–3 mm
Elemental information Yes Yes
Chemical state information None None
Quantitative information Yes (with standards) Yes
Topography information None None

5646 | J. Mater. Chem. A, 2023, 11, 5645–5659
A-site substituent segregation, especially Sr segregation, is oen
observed on the surface of perovskite-structured electrode
materials in harsh environments.9–11,14,16–33 The two key driving
forces for Sr segregation have been identied as originating
from elastic interaction due to the size mismatch between host
(La) and substituent (Sr) cations, and electrostatic interaction
arising from accumulation of oxygen vacancies ðV ��

O Þ in the near
surface of MIEC oxides, which results in a positively charged
surface with respect to the bulk and further attracts the nega-
tively charged defect ðSr0LaÞ to the surface according to
Coulomb's law.11 In this section, the Sr surface segregation
behaviour of LSCrF8255 under the dry oxygen, wet oxygen, and
water vapour conditions are rst outlined by the quantication
results, and then by an in-depth investigation of the surface
chemistry focusing on the samples annealed at 900 °C for 27
hours in the three different atmospheres.

2.1.1. Surface chemical states quantication. Fig. 1 and
Table S1 in the ESI† present the atomic ratios of [Sr]surface :
[Sr]bulk and [Sr]total : [La]total obtained from the LSCrF8255
samples annealed in dry oxygen, wet oxygen, and water vapour
conditions at 600, 700, 800, and 900 °C through X-ray photo-
electron spectroscopy (XPS) with 0° sample tilt angle and z
10 nm probe depth, and angle-resolved XPS (ARXPS) with 80°
sample tilt angle and <1 nm probe depth. The quantication of
Sr in the bonding environment of surface precipitates [Sr]surface,
and in the perovskite lattice [Sr]bulk, were performed through
peak tting the Sr 3d spectra. An example of the tted Sr 3d
spectrum showing the deconvolution with two sets of spin–orbit
split doublets corresponding to two different bonding envi-
ronments is illustrated in Fig. S3 in the ESI.† The atomic ratio of
the total Sr content [Sr]total over the total La content [La]total at
sample surfaces was calculated based on the peak areas of the Sr
3d5/2 and La 3d5/2 photoelectron peaks aer subtraction of
a Shirley-type44 background. All samples were subjected to the
same 27 hours of annealing time.

On each sample in Fig. 1a and b, as the probing depth
decreases (towards the outermost surface), the atomic ratio of
[Sr]surface : [Sr]bulk increases, suggesting a greater amount of Sr
surface precipitates can be found closer to the outermost surface.
The ratio also increases with annealing temperature under each
condition, indicating that the level of Sr at the surface also
increases with annealing temperature. In Fig. 1c and d, the atomic
ratio of [Sr]total : [La]total was found to be markedly higher than the
stochiometric ratio (conrmed on the as-polished sample with
etry (ToF-SIMS), low energy ion scattering spectroscopy (LEIS), X-ray
), scanning transmission electron microscopy (STEM), and energy-

3

XPS SEM (imaging, EDX) STEM (imaging, EDX)

1–10 nm A few nm to tens mm Sub nm to hundreds nm
0.1–1% Up to 0.1% Up to 0.1%
ca. 10 mm–1 mm ca. 1–10 mm ca. 0.1 nm–1 mm
Yes Yes Yes
Yes None None
Yes Yes Yes
None Yes Yes

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The [Sr]surface : [Sr]bulk against temperature of the samples annealed in dry oxygen, wet oxygen, and water vapour measured by (a) XPS
(z10 nm probe depth) and (b) ARXPS (<1 nm probe depth); (c and d) the [Sr]total : [La]total against temperature of the same samplemeasured by (c)
XPS and (d) ARXPS. The dashed line indicates the bulk stoichiometry.
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data shown in Table S2 in the ESI†) on the surfaces of samples
annealed under the dry oxygen and water vapour environments at
900 °C, indicating a severe level of Sr surface segregation and
enrichment. On the LSCrF8255 samples annealed at 900 °C,
Fig. 1c and d show that the highest ratio of [Sr]total : [La]total was
found on the surface of the sample annealed in dry oxygen, fol-
lowed by the samples annealed in water vapour and wet oxygen.
However, the sample annealed in water vapour showed the
highest [Sr]surface : [Sr]bulk fraction. In addition, in contrast to the
other two annealing conditions, no obvious Sr surface enrichment
was detected on the surface of the sample annealed in wet oxygen.

Low energy ion scattering (LEIS) depth proling was further
applied to conrm the relative trend in [Sr]total : [La]total in the
samples annealed at 900 °C in dry oxygen, wet oxygen, and water
vapour conditions. The LEIS spectra collected from the
annealed samples, alongside an as-polished sample, are illus-
trated in Fig. 2. In Fig. 2, as compared to the as-polished
sample, the outermost surfaces of all the annealed samples
are enriched in A-site cations with clearly visible peaks corre-
sponding to La and Sr. Aer light sputtering, the signal for the
respective transition metal cations (Cr and Fe) can be observed
clearly in the layers beneath the surface. These observations are
in good agreement with LEIS results previously reported for as-
polished and heat-treated LSCrF and La0.6Sr0.4Co0.2Fe0.8O3−d

(LSCF) samples.18,45
This journal is © The Royal Society of Chemistry 2023
The LEIS depth proles of the ratio of A-site cations [Sr]total :
[La]total, the ratio of total A-site cation content over total B-site
cation content ([Sr] + [La]) : ([Cr] + [Fe]), and the ratio of B-site
cations [Cr]total : [Fe]total for the as-polished and annealed
LSCrF8255 samples are illustrated in Fig. 3.

The depth proles in Fig. 3a show clear evidence of Sr
segregation towards the surface in all samples. Sr enrichment in
the as-polished sample could be due to small-scale reorgan-
isation of the surface cations caused by potential mechanical
damage from polishing. Compared to the as-polished sample,
the extent of Sr surface enrichment was signicantly greater on
the samples annealed at 900 °C. This trend in Sr enrichment is
in good agreement with the XPS results displayed in Fig. 1c and
d, conrming that the Sr surface enrichment level was highest
on the sample annealed in dry oxygen, with the highest [Sr]total :
[La]total ratio up to Ar+ uences of 30 × 1015 cm−2 (estimated
depth ∼6 nm), followed by the samples annealed in water
vapour and wet oxygen. It is worth noting that two different sets
of samples with the same thermal history were used for the XPS
and LEIS analysis.

The signicant difference in Sr enrichment under the
different atmospheres could be mainly the result of the
combined effect of oxygen partial pressure difference and
humidity. Due to the difference in the oxygen partial pressure
in the dry oxygen (pO2 = 200 mbar) and water vapour (pO2 < 1
J. Mater. Chem. A, 2023, 11, 5645–5659 | 5647
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Fig. 2 (a–d) The 20Ne+ (5 keV) LEIS spectra of the (a) as-polished LSCrF8255 samples, and the samples annealed at 900 °C for 27 hours in (b) dry
oxygen, (c) wet oxygen, and (d) water vapour conditions. The top spectra were obtained from the immediate outermost surfaces, the middle
spectra are from sub-surfaces after removal of a small amount of material by Ar+ sputtering of approximately 4.6 × 1015 cm−2, and the bottom
spectra represent the near surfaces after sputtering up to a fluence >25 × 1015 cm−2.
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mbar, pH2O = 30 mbar), different amounts of oxygen vacan-
cies were found on the annealed samples with the same
thermal history.37 Since the electrostatic interaction, between
the positively charged oxygen vacancies ðV ��

O Þ in the near
surface and the negatively charged defect ðSr0LaÞ, is one of the
key driving forces for Sr surface segregation, distinct Sr
enrichment levels were observed. In addition, studies have
shown the effect of washing surfaces of perovskite oxides with
water could reduce Sr-rich surface species.30,46 Further,
5648 | J. Mater. Chem. A, 2023, 11, 5645–5659
correlating with the previous studies in oxygen transport
properties in the same three conditions, it has been found that
despite the Sr segregation being limited in the wet oxygen
atmosphere, the surface exchange kinetics were also limited
due to the competition between water molecule and molecular
oxygen for the surface oxygen vacancy sites, as well as the
molecular scrambling between the two species.24,47 In
comparison to the signicantly enhanced (up to 4 orders of
magnitude) oxygen transport properties in the water vapour as
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 LEIS depth profiles showing the atomic ratio of (a) [Sr]total :
[La]total, (b) ([Sr] + [La]) : ([Cr] + [Fe]), and (c) [Cr]total : [Fe]total for the as-
polished sample, and the samples annealed at 900 °C for 27 hours in
dry oxygen, wet oxygen, and water vapour conditions. The dashed line
indicates the nominal bulk stoichiometry.

This journal is © The Royal Society of Chemistry 2023
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compared to the other two conditions,37 the extent of Sr
surface enrichment was moderate.

In Fig. 3b, the as-polished sample shows an A-site cation
enriched outermost surface followed by B-site cation enriched
subsurface layers. The subsurface layers are particularly
enriched in Fe, as indicated in Fig. 3c. The enrichment in Fe at
the B-site in the subsurface region was also reported by Wong45

for an as-polished LSCrF8255 sample, and by Niania et al.48 for
an as-polished LSCF sample. In contrast, Fig. 3b shows AO-
dominated top surface layers on all the annealed samples.
The sample annealed in water vapour shows the highest degree
of A-site cation enrichment, although the sample annealed in
dry oxygen shows the highest Sr enrichment, Fig. 3a. This
observation suggests that there are different surface recon-
struction mechanisms and the different chemical compositions
of the surface Sr species under the different annealing condi-
tions, which will be discussed in Section 2.1.2 below. Further,
Fig. 3c shows that, except for the signicantly Cr-enriched
outermost surface found with the dry oxygen annealed
sample, Fe enrichment or Cr depletion is observed in the
immediate sublayers of all the annealed samples and the extent
of the Fe enrichment is greater than that of the as-polished
sample up to Ar+ uences of 30 × 1015 cm−2 (estimated depth
∼6 nm). The shape of the depth prole of [Cr]total : [Fe]total is
similar for the samples annealed in wet oxygen and water
vapour. The depths of the Fe-enriched subsurface layers of the
two samples annealed in humid atmospheres are shorter than
that of the sample annealed in dry oxygen. Table S3 in the ESI†
displays the atomic ratio of [Cr]total : [Fe]total collected from the
as-polished sample and the annealed samples through XPS and
ARXPS. The ratio was calculated based on the peak areas of the
Cr 2p3/2 and Fe 2p3/2 photoelectron peaks aer subtraction of
a Shirley-type44 background. In Table S3,† no Fe enrichment can
be observed on the samples annealed in wet oxygen and water
vapour. By contrast, the as-polished sample and the sample
annealed in dry oxygen show a relatively Fe-enriched near
surface layer compared to the outer surface layers, although the
differences are insignicant and within the quantication
uncertainty of XPS analysis.49

2.1.2. Segregated surface composition and phase separa-
tion. A detailed assessment of the surface composition of the
samples annealed under different environments is essential in
order to understand the quantication results. In this section,
the chemical bonding environment of each constituent ion in
LSCrF8255, the surface chemical composition, the surface
morphology, and the chemical composition of the secondary
phase were analysed through XPS, STEM-EDX, SEM, and SEM-
EDX, respectively.

2.1.2.1 Bonding environment of the surface cations. A
comparison of the La 3d5/2, Sr 3d, Cr 2p and Fe 2p spectra
collected from the samples annealed in the three different
conditions at 900 °C for 27 hours are displayed in Fig. 4.

In Fig. 4a, the spin–orbit component, La 3d5/2, is split by
multiplet splitting due to charge transfer from the ligand O 2p
valence band to the La 4f.50,51 The La chemical bonding envi-
ronment can be determined through the magnitude of the
multiplet splitting and the intensity ratio of each multiplet split
J. Mater. Chem. A, 2023, 11, 5645–5659 | 5649
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Fig. 4 The (a) La 3d5/2, (b) Sr 3d, (c) Cr 2p, and (d) Fe 2p XPS spectra of the samples annealed in dry oxygen, wet oxygen, andwater vapour at 900 °
C for 27 hours.
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component.50–52 The peak separation and the satellite-to-main-
peak intensity ratio are both higher for La2O3 than for
La(OH)3.50 This is due to the larger covalency of La–O bonds, as
well as stronger hybridisation between the 4f orbital and the
valence band in the nal state for the oxide compared to the
hydroxide.50,51 The peak separation is found to be 4.3 eV for the
sample annealed in dry oxygen, in good agreement with values
reported in literature for La2O3 and lanthanum transition metal
perovskite oxides.51–55 This further suggests that the La surface
species is most likely to be La2O3. A relatively smaller peak
separation (3.7 eV) was observed with the sample annealed in
water vapour, suggesting that La(OH)3 is potentially the domi-
nant La surface species, with a value of 3.9 eV reported in
literature.50 In addition, the satellite-to-main-peak intensity
ratio was found to be approximately 0.72 for the sample
annealed in water vapour, smaller than that of 0.88 found on
the sample annealed in dry oxygen. For the sample annealed in
wet oxygen, the peak separation was found to be 4.0 eV, sug-
gesting there was likely a mixture of La2O3 and La(OH)3 on the
sample surface. For all three samples, the La surface species was
very unlikely to be La2(CO3)3 as the carbonate signal is not
detectable on the C 1s spectra displayed in Fig. S4 in ESI.†

The Sr 3d spectra in Fig. 4b show the deconvolution with two
sets of spin–orbit split doublets, with one at higher binding
energy arising from the [Sr]surface and the other at lower binding
5650 | J. Mater. Chem. A, 2023, 11, 5645–5659
energy attributed to [Sr]bulk. The [Sr]surface signal was found to be
particularly high on the sample annealed in water vapour. The
quantication results of [Sr]surface : [Sr]bulk are displayed in Fig. 1
and Table S1.† The Sr-based surface precipitates formed in the
humid atmospheres are more likely to be Sr(OH)2 considering
the lack of carbonate bond signature in the C 1s spectra, dis-
played in Fig. S4 in the ESI,† and the strong hydroxyl bond
signature shown in the O 1s spectra, displayed in Fig. S5 in the
ESI.† The formation of the Sr(OH)2 could be due to the reaction
of water molecules with SrO formed on the top surface layers:

SrO(surf) + H2O(g) = Sr(OH)2(surf) (1)

This nding is supported by a theoretical study by Staykov
et al.32 on the interaction of water in the gas phase with a SrO-
terminated surface of a 2,4-perovskite oxide, SrTiO3. For the
sample annealed in dry oxygen, the Sr-based surface precipi-
tates are more likely to be SrOx.11,12,14,16,25–33,56 More details
regarding the chemical composition of the surface precipitates
are revealed by STEM-EDX in the Section 2.1.2.2 below.

The Cr 2p spectra in Fig. 4c show two distinct spin–orbit
components, Cr 2p3/2 and Cr 2p1/2. Multiplet splitting can also
be observed, which is due to the interaction between the core
electron vacancy created by X-ray irradiation in the 2p shell and
the three unpaired 3d electrons of Cr3+ (3d t2g

3), creating
a number of nal states.57 Only the Cr 2p3/2 component is tted
This journal is © The Royal Society of Chemistry 2023
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with six peaks attributed to multiplet splitting, due to the
complexity of the Cr 2p1/2 component arising from Auger
signals and satellite features.58–60 An example of the tted Cr 2p
spectrum is illustrated in Fig. S6 in the ESI.† The peaks attrib-
uted to Cr3+ are in accordance with the binding energies re-
ported for Cr2O3.57–60 The existence of Cr in a higher oxidation
state, Cr6+, on the samples annealed in dry and wet oxygen with
high pO2, is conrmed by the peak at approximately 580 eV and
in good agreement with the binding energies reported for CrO3

and La0.8Sr0.2CrO3.38,55,59,60 There is a single peak arising for Cr6+

due to no unpaired electrons in its outermost shell. On the
contrary, the Cr6+ signal can scarcely be observed on the sample
annealed in the water vapour environment with low pO2. Fig. S7
in the ESI† illustrates the Cr 2p spectra of the as-polished
samples and samples annealed in water vapour at 600–900 °C.
No Cr6+ species were detected on either of these samples. This
result suggests that the oxidation of Cr is only likely to occur
during annealing in oxidizing environments. This phenomenon
can be further correlated with the Sr surface segregation and
will be discussed in Section 2.1.2.2 and 2.2.

In Fig. 4d, due to complex multiplet splitting and satellite
features associated with high-spin Fe compounds,60–62 as well as
the many possible species with overlapping binding energies,
peak tting of the Fe 2p spectra is extremely difficult and may
result in erroneous interpretation.60 Nevertheless, the satellite
features suggest the oxidation state of Fe is “+3” on the samples
annealed in dry and wet oxygen, and the valence state of Fe is
reduced on the sample annealed in water vapour, with amixture
of Fe2+ and Fe3+ species present on the surface.60–62 The Fe 2p
spectra of the as-polished sample and samples annealed in
water vapour at 600–900 °C are illustrated in Fig. S8 in the ESI.†
A change in the shape of the satellite features can also be
observed on the samples annealed in water vapour at various
temperatures compared to the as-polished sample, suggesting
the reduction in the Fe oxidation state. It is worth noting that
Fig. 5 STEM-EDX map focusing on the surface region of the sample ann
enriched top surface layer.

This journal is © The Royal Society of Chemistry 2023
the reduction in the valence state of the B-site cations can
provide an indication of the state of oxygen vacancies, since the
reduction could be charge compensated by accommodating
a larger number of vacancies on the surface of the perovskite
structure. This can be further correlated to the signicantly
enhanced oxygen transport properties, by up to 4 orders of
magnitude, of the LSCrF8255 samples annealed in water vapour
reported in our previous study.37

2.1.2.2 Surface composition characterized by STEM-EDX. An
energy-dispersive X-ray spectroscopy elementary map carried
out in the scanning transmission electron microscope mode
(STEM-EDX) was obtained from the sample annealed in dry
oxygen at 900 °C for 27 hours to further study the chemical
environment of Sr surface species, illustrated in Fig. 5.

In Fig. 5, the top surface layer of the sample was found to be
relatively Sr- and Cr-enriched, suggesting the formation of
a SrCrO4-like compound. SrCrO4 formation has been reported
in several previous studies of lanthanum strontium-based
perovskite oxides applied as electrodes, mainly due to Cr
deposition from the Fe–Cr interconnect of solid oxide fuel cells
(SOFCs) towards the SrO covered surface.63–69 In this case, the
SrCrO4 is likely formed through the oxidation of Cr species on
the sample surface to volatile Cr6+ species such as CrO3.38 The
Cr6+ gaseous species would further react with the segregated
SrO particles on the surface to form SrCrO4-like oxides:63–66

CrO3(g) + SrO(surf) / SrCrO4(surf) (2)

The nucleation theory proposed by Jiang et al.65 suggests
selective and preferential Cr deposition on the segregated SrO
on the surface, which acts as the nucleation agent. The reaction
between the SrO and gaseous Cr species would further result in
the formation, growth, and crystallization of SrCrO4. The Cr
evaporation and redeposition theory is further supported by the
XPS results. Fig. S9 in the ESI† illustrates a comparison of the Cr
ealed in dry oxygen at 900 °C for 27 hours highlighting the Sr- and Cr-

J. Mater. Chem. A, 2023, 11, 5645–5659 | 5651
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2p spectra collected through XPS (z10 nm probe depth) and
ARXPS (<1 nm probe depth) from the sample annealed in dry
oxygen at 900 °C for 27 hours. The atomic ratios of [Cr6+] : [Cr3+]
and [Cr]total : [Fe]total obtained from the sample are displayed in
Table S4 in the ESI.† Fig. S9 and Table S4† show that the
amount of Cr6+ species and total Cr content are marginally
higher closer to the outermost surface layer. In addition, the Cr
oxidation and evaporation during the heat treatment in
oxidizing conditions (static air, dry and wet oxygen) could be
one of the potential reasons for the Fe enriched surface layers
observed in LEIS (Fig. 2 and 3). Further, no evidence of a Cr-
enriched surface was detected on the sample annealed in wet
oxygen at 900 °C for 27 hours.24 It is likely that the Cr evapo-
ration and redeposition is suppressed by the presence of water
vapour in the atmosphere.

In our previous studies, Si deposition was observed on the
LSCrF8255 samples annealed in both the wet oxygen and water
vapour conditions in STEM-EDX and XPS analysis.24,37 In
contrast, there was no Si detectable on the samples annealed
in dry oxygen. The Si deposition likely results from the trans-
port of volatile Si species in the wet atmospheres, which were
formed due to the reaction between water molecules and the
quartz glass tube used for the annealing.13 An example of
a STEM-EDX map showing Si deposition obtained from the
sample annealed in water vapour at 900 °C for 27 hours is
illustrated in Fig. 6.

In Fig. 6, the top surface layer of the sample is Sr- and Si-
enriched, suggesting the formation of a reconstructed
SrSiO3-like phase, which could be due to the reaction between
the Sr surface species with the deposited Si species. A B-site
cation enriched (Fe and Cr enriched) and A-site cation (La
and Sr) decient secondary phase can also be identied. The
formation of the secondary phase under the different atmo-
spheres will be discussed in Section 2.1.2.3 below. Addition-
ally, Table S5 in the ESI† compares the extent of Si deposition
on the surfaces of the samples annealed in humid atmo-
spheres at 900 °C for 27 hours. It indicates that the amount of
Fig. 6 STEM-EDXmap focusing on the surface region of the sample anne
enriched top surface layer.

5652 | J. Mater. Chem. A, 2023, 11, 5645–5659
[Si]total deposited on the sample annealed in water vapour was
approximately 13 at.% greater than that deposited on the
sample annealed in wet oxygen.

2.1.2.3 Surface morphology and phase separation. A different
surface morphology can be observed on the samples annealed
in dry oxygen, wet oxygen and water vapour. Fig. 7 illustrates the
secondary electron (SE) images obtained from the as-sintered
samples and samples annealed in the three conditions at
900 °C for 27 hours through scanning electron microscopy
(SEM).

In Fig. 7, compared to the as-sintered sample (Fig. 7a), the
SE images of the annealed samples (Fig. 7b–d) display the
varied morphologies of a thermally etched surface. There are
several interesting observations worth noting. First, on the
samples annealed in wet oxygen (Fig. 7c) and water vapour
(Fig. 7d) conditions, there was coarsening of the particles,
particularly along the grain boundaries. This suggests that the
grain boundaries could be the preferable site for nucleation
and agglomeration of Sr-enriched precipitates in humid
atmospheres. By contrast, no grain boundary precipitates were
observed on the sample annealed in dry oxygen (Fig. 7b).
Second, external defects which have been induced by grinding
or polishing affect the growth of surface particles. It can be
observed that precipitates formed along scratches on the
samples annealed in water vapour (Fig. 7d), and possibly in dry
oxygen (Fig. 7b). This phenomenon may be due to enhanced
segregation within the dislocation network formed due to
mechanical damage and/or the damaged surfaces acting as
heterogeneous nucleation sites for the precipitates.17 In addi-
tion, for all three annealed samples, the precipitation behav-
iour varied both quantitatively and dimensionally between
grains. In Fig. 7b–d, as indicated by the black circles, there are
some grains which accommodate a large number of precipi-
tates on their surface, while other grains show a more limited
number of precipitates. This grain-dependent precipitation
behaviour suggests that Sr segregation could be affected by
crystal orientation, in accordance with previous ndings on
aled in water vapour at 900 °C for 27 hours highlighting the Sr- and Si-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 The SE images of the (a) as sintered LSCrF8255 sample, and the sample annealed in (b) dry oxygen, (c) wet oxygen and (d) water vapour at
900 °C for 27 hours.
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LSCF and La0.6Sr0.4CoO3 under different annealing
conditions.17,23

A phase separation also occurred on the surface of the
annealed samples. Fig. S10 in the ESI† illustrates a back-
scattered electron (BSE) image and SEM-EDX map collected on
the sample annealed in dry oxygen at 900 °C for 27 hours. The
secondary phase, which appears darker on the BSE image dis-
played in Fig. S10b,† was found to be signicantly enriched in
Fe, relatively enriched in Cr, and La and Sr decient. The result
is similar to the previous ndings on the samples annealed in
wet oxygen and water vapour.24,37 Since no secondary phase was
detected on the sintered sample,24,37 the formation of the B-site
cation enriched secondary phase could suggest that the mate-
rial is changing from A-site decient A0.95BO3−d to an ABO3−d

perovskite oxide during the annealing process under the
different atmospheres.
2.2. La enriched surface chemistry

In Fig. 1c, d and Table S1,† interestingly, a La-enriched surface
was observed on the samples annealed in dry oxygen at 600 and
700 °C. The atomic ratio of [La]total : [Sr]total was found to be 89 :
11 from XPS and 87 : 13 from ARXPS at 600 °C; and 89 : 11 from
XPS and 88 : 12 from ARXPS at 700 °C, higher than the stoi-
chiometric ratio of 80 : 20. The result contrasts with the Sr-
enriched surface observed and discussed previously in this
work. It is common to observe an AO-terminated surface layer
This journal is © The Royal Society of Chemistry 2023
on the surface of an annealed perovskite oxide,18,30,33,42,43,48,70–74

however, a La-enriched surface is scarcely reported. An example
of the La 3d spectra collected from the sample annealed in dry
oxygen at 700 °C is illustrated in Fig. S11 in the ESI,† where
multiplet splitting of 4.3 eV is observed. The result agrees well
with the value found on the sample annealed in dry oxygen at
900 °C (Fig. 4a), suggesting that the La surface species is most
likely to be La2O3.

LEIS sputter depth proling was applied to verify the La-
enriched surfaces found on the samples annealed in dry
oxygen at intermediate temperatures. The 20Ne+ (5 keV) LEIS
spectra of the as-polished sample, and the samples annealed at
600 and 700 °C for 27 hours in dry oxygen, alongside the cor-
responding LEIS depth proles of [La]total : [Sr]total are illus-
trated in Fig. 8. In Fig. 8, compared to the as-polished sample,
the peak intensity ratio of La to Sr is found higher in the two
annealed samples. This observation contrasts with previous
ndings by Druce et al.,75 where a decrease in the peak intensity
ratio of La to Sr was observed in annealed LSCF samples
compared to the as-polished sample. For instance, in Fig. 8b,
the La peak can be clearly observed and is dominant on the
outer surface of the LSCrF8255 samples annealed at 600 °C in
dry oxygen, whereas only a slight trace of La was detected for the
LSCF sample annealed at 600 °C in air.75 La enrichment is also
visible in the subsurface regions of the annealed samples,
indicated in Fig. 8b and c. In the LEIS depth proles in Fig. 8d,
J. Mater. Chem. A, 2023, 11, 5645–5659 | 5653
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Fig. 8 The 20Ne+ (5 keV) LEIS spectra of (a) the as-polished LSCrF8255 sample, and the samples annealed in dry oxygen at (b) 600 and (c) 700 °C.
The top rows display the spectra obtained for immediate surfaces, the middle row are the spectra obtained for sub-surfaces after removal of
a small amount of material by Ar+ sputtering of approximately 4.6× 1015 cm−2, and the bottom row shows the spectra obtained for near surfaces
after sputtering up to a fluence >25 × 1015 cm−2; (d) LEIS depth profiles showing atomic ratio of [La]total : [Sr]total for the as-polished LSCrF8255
sample, and the sample annealed in dry oxygen at 600 and 700 °C. The dashed line indicates the nominal bulk stoichiometry.
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compared to the outermost atomic layers of the as-polished
sample which are enriched in Sr, the outermost atomic layers
of the samples annealed in dry oxygen at 600 and 700 °C are
relatively enriched in La up to Ar+ uences of 25 × 1015 cm−2

(estimated depth ∼5 nm).
The SEM micrographs and a STEM-EDX map collected from

the samples annealed in dry oxygen at 600 and 700 °C are
illustrated in Fig. 9.

Fig. 9 shows the formation of precipitates on the surfaces.
In Fig. 9c, the surface particle on the sample annealed in dry
oxygen at 600 °C was found to be relatively Sr- and Cr-
enriched. This nding is consistent with the Sr- and Cr-
enriched top surface layer found on the sample annealed in
dry oxygen at 900 °C shown in Fig. 5. Once again, this suggests
that Cr deposition on LSCrF8255 is highly selective and
preferentially takes place on the SrO, forming SrCrO4-like
5654 | J. Mater. Chem. A, 2023, 11, 5645–5659
particles. The Cr evaporation and redeposition on the surface
is also supported by the XPS results. Table S6 in the ESI†
presents the atomic ratios of [Cr6+] : [Cr3+] and [Cr]total :
[Fe]total obtained from the LSCrF8255 samples annealed in dry
oxygen at 600 and 700 °C through XPS (z10 nm probe depth)
and ARXPS (<1 nm probe depth). The Cr6+ content and the
total Cr content are found to be higher with increasing surface
sensitivity, and a small degree of Cr enrichment (by 7 at.%) is
detected on the outer surface layers of the samples measured
through ARXPS. It is also worth mentioning that, in addition
to the surface particles, a secondary phase forms on the dry
oxygen annealed samples at 600 and 700 °C. Fig. S12 in the
ESI† illustrates the SEM BSE images collected on the samples,
where the secondary phase appears darker. A STEM-EDX map
collected on the sample annealed at 600 °C is illustrated in
Fig. S13 in the ESI,† indicating the secondary phase is B-site
This journal is © The Royal Society of Chemistry 2023
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Fig. 9 The SEM SE images of the LSCrF8255 samples annealed in dry oxygen at (a) 600 °C and (b) 700 °C for 27 hours; (c) STEM-EDX map
represents the surface region of the sample annealed in dry oxygen at 600 °C for 27 hours highlighting the Sr- and Cr-enriched surface particle.
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cation (Fe and Cr) enriched and A-site cation (La and Sr)
decient. This result is in line with the previous discussion in
Section 2.1.2.3.

Based on the experimental evidence, it is very likely that the
La-enriched surface is the result of the potential surface evap-
oration process regarding Sr and Cr. To prove this, a Si wafer
was placed beside the LSCrF8255 during the annealing in dry
oxygen at 600 °C. In the SIMS analysis on the Si wafer, traces of
La+, Sr+, Cr+, and Fe+ were found. The 3D reconstruction of the
signals are illustrated in Fig. S14 in the ESI.† The intensities
were estimated with the relative sensitivity factors (RSF) of
elements on a Si wafer under an oxygen sputtering beam76 and
further normalized with 56Fe displayed in Table S7 in the ESI.†
In Table S7,† the intensities of the Sr+ and Cr+ signals are
signicantly higher than the others on the Si wafer, conrming
the possibility of Sr and Cr surface evaporation.

In order to further investigate whether the phenomenon is
thermodynamically or kinetically driven, a LSCrF8255 sample
was annealed in dry oxygen at 600 °C for 8 days – a signicantly
longer period of time than the previously used 27 hours period.
This journal is © The Royal Society of Chemistry 2023
Table S8 in the ESI† presents the atomic ratio of [Sr]surface :
[Sr]bulk and [La]total : [Sr]total, measured by XPS and ARXPS, from
the two samples annealed in dry oxygen at 600 °C with different
durations. In Table S8,† the ratios of [Sr]surface : [Sr]bulk and
[La]total : [Sr]total are approximately constant between the two
samples, suggesting a similar amount of La and Sr species on
the surface. For both samples, the [La]total : [Sr]total ratio is
approximately 90 : 10 measured through XPS and ARXPS, indi-
cating La-enriched surfaces. The LEIS depth proles of the
samples annealed at 600 °C for 27 hours and 8 days are illus-
trated in Fig. 10.

In Fig. 10, a slightly higher La enrichment level can be
observed on the top surface layers of the sample annealed for 8
days up to Ar+ uences of 20 × 1015 cm−2 (estimated depth ∼4
nm). This result suggests that the extent of La enrichment could
increase marginally with annealing duration. Finally, it is worth
noting that all the results reported in this study should repre-
sent snapshots of the dynamic surface chemistry evolution with
dened annealing temperature and time.
J. Mater. Chem. A, 2023, 11, 5645–5659 | 5655
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Fig. 10 LEIS depth profiles showing atomic ratio of [La]total : [Sr]total for
the LSCrF8255 samples annealed in dry oxygen at 600 °C for 27 hours
and for 8 days. The dashed line indicates the bulk stoichiometry.
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3 Conclusions

Using surface chemical state quantication analysis through
XPS and LEIS as a guideline, combined with results from SEM,
SEM-EDX, STEM-EDX, and ToF-SIMS, the surface composition
and evolution of (La0.8Sr0.2)0.95Cr0.5Fe0.5O3−d (LSCrF8255) as
a model perovskite oxide was investigated systematically under
dry oxygen (pO2 = 200 mbar), wet oxygen (pO2 = 200 mbar,
pH2O = 30 mbar), and water vapour (pO2 < 1 mbar, pH2O = 30
mbar) environments. Sr surface segregation has been demon-
strated on samples annealed in all three atmospheres at high
temperatures. Comparing the samples annealed at 900 °C in dry
oxygen, wet oxygen, and water vapour for 27 hours, XPS and
LEIS results show that the surface of the sample annealed in
water vapour displayed the highest fraction of Sr in surface
species compared to Sr in the perovskite structure, however, the
surface of the sample annealed in dry oxygen showed the
highest overall Sr surface enrichment. Sr surface segregation
and enrichment is likely suppressed on the sample annealed in
wet oxygen. In addition, through analysis of the selected region
at the surface of the annealed sample with SEM, SEM-EDX, and
STEM-EDX, the Sr segregation behaviour has been found to
correlate with Cr evaporation and redeposition and Si deposi-
tion. The Sr-enriched surface precipitate phase was likely to be
SrCrO4-like or a mixture of SrCrO4-like and SrOx on the sample
annealed in dry oxygen, and SrSiO4-like or a mixture of SrSiO4-
like, Sr(OH)2 and SrOx on the samples annealed in wet oxygen
and water vapour. Further, the crystal orientation and defects
such as grain boundaries and dislocations could also have an
impact on the Sr segregation behaviour. In addition to the Sr-
enriched surface precipitates, phase separation was consis-
tently observed on all samples annealed in the three conditions.
The secondary phase is B-site cation enriched (signicantly Fe
enriched, relatively Cr enriched) and A-site cation (La and Sr)
decient. Moreover, in contrast to the Sr enriched surface, a La
enriched surface was observed on the samples annealed in dry
oxygen at 600 and 700 °C. Through ToF-SIMS analysis of a Si
5656 | J. Mater. Chem. A, 2023, 11, 5645–5659
wafer placed beside the LSCrF8255 sample during annealing, it
has been concluded that the La enriched surface is very likely to
be the result of Sr and Cr surface evaporation processes. Our
scientic ndings are expected to provide an advancement in
understanding and guidelines for material design, perfor-
mance, and durability of MIEC perovskite oxides in energy
conversion applications such as SOFCs, SOECs, and OTMs
which require oxygen reduction/evolution and H2O electrolysis.

4 Experimental section

The (La0.8Sr0.2)0.95Cr0.5Fe0.5O3−d (LSCrF8255) powders were
supplied by Praxair, Inc., USA (LOT: 03-P6760DM). Dense
ceramic pellets (>97% of theoretical density) were prepared by
sintering green pellets formed by pressing the powders uni-
axially at a load of 2 tons and isostatically at a load of 300 MPa at
1450 °C for a duration of 6 hours in static laboratory air. The
sintered pellets were then ground with successive grades of SiC
paper (Struers Ltd, UK) and polished with water-based diamond
suspensions (Struers Ltd, UK) down to 1/4 mm nish to reduce
any potential error arising from surface roughness. The as-
polished samples were annealed under a dry oxygen atmo-
sphere with 200 mbar of high purity oxygen (BOC Ltd, 99.999%,
corresponding to the “dry” conditions); a wet oxygen atmo-
sphere with 200 mbar of high purity oxygen (ST Gas Ltd,
99.999%) plus 30 mbar of water vapour pressure; and a water
vapour atmosphere with 30 mbar of vapour pressure and less
than 1 mbar of oxygen partial pressure, each at 600–900 °C with
home-built rigs.37

X-ray photoelectron spectroscopy (XPS) and angle-resolved
XPS (ARXPS) were conducted using a high-throughput spec-
trometer (K-Alpha+, Thermo Fisher Scientic, USA) with
a monochromated Al Ka radiation source (hy = 1486.6 eV)
operating at 2 × 10−9 mbar base pressure. The X-ray source
applied a 6 mA emission current and 12 kV anode bias, giving
an X-ray spot size of up to 400 mm2. Survey and core-level spectra
were collected at two sample tilt angles, 0° and 80°, with
increasing sensitivity to the surface at higher tilt angles. The
average probe depth is approximately 10 nm with XPS and less
than 1 nm with ARXPS. The binding energies were calibrated
using the C 1s peak at 284.8 eV. Spectra were processed by
subtraction of a Shirley-type44 background and peaks were tted
using a Gaussian–Lorentzian line shape.

The surface and near-surface chemical compositions were
also investigated by low energy ion scattering spectroscopy
(LEIS) using a Qtac100 spectrometer (ION-TOF GmbH, Ger-
many). The instrument is equipped with a dual-beam system,
comprising a primary analysing gun with a square beam of
analysis area 1 mm× 1 mm, and a sputtering gun with a square
beam sputter area of 1.5 mm × 1.5 mm. 20Ne+ (5 keV) was used
as the primary ion beam to analyse sample surfaces, and the Ar+

sputtering gun at 59° incidence was used to obtain atomic
composition information as a function of depth. During LEIS
analysis, the projectile is perpendicularly focused on the sample
surface (a = 0°) and backscattered ions at all azimuths are
collected by the toroidal energy analyser (DTA) at a scattering
angle of 145°. More details regarding the LEIS data
This journal is © The Royal Society of Chemistry 2023
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interpretation including the tting of the scattering peaks, and
the calibration method applied to obtain the depth proles, are
introduced in Section S1 in the ESI†.

Secondary ion mass spectrometry (SIMS) analysis was per-
formed on a time-of-ight (ToF) SIMS spectrometer (ToF-
SIMS V, IONTOF GmbH, Germany). The measurements were
conducted in the high current bunch mode for higher mass
resolution using a Bi+ analysis beam (25 keV) with a 100 mm ×

100 mm analytical area, and a O+ sputtering beam (1 keV) with
a sputtering area of 300 mm× 300 mm. For the data analysis, the
intensities of all species of interest were point-to-point
normalized to the total counts. 3D reconstruction was carried
out using Surfacelab 7.0 soware to visualize the distribution of
different species.

In addition, scanning electronmicroscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) in SEM mode (SEM-EDX)
were carried out using the LEO Gemini 1525 eld emission
gun (FEG)-SEM (Carl Zeiss Ltd, Germany) microscope equipped
with an INCA X-act EDX detector (Oxford Instruments Ltd, UK).
The secondary electron (SE) and backscattered electron (BSE)
images were collected under an accelerating voltage of 5 kV and
an aperture size of 60 mm, and the SEM-EDX analysis was con-
ducted under an accelerating voltage of 15 or 20 kV and an
aperture size of 60 mm.

Further investigation into the chemical composition of
phases was performed through scanning transmission electron
microscopy (STEM) with the JEM-2100F TEM/STEM (JEOL Ltd,
Japan) microscope operated at 200 kV and equipped with an
INCA/Aztech EDX 80 mm X-Max detector system (Oxford
Instruments Ltd, UK). The STEM-EDX mapping was carried out
using a 0.7 nm spot size and 20 cm camera length. The thin
electron-transparent lamellae for STEM analysis were prepared
from LSCrF8255 pellets by gallium ion milling using a focused
ion beam scanning electron microscope (FIB-SEM) (Helios
NanoLab 600, Thermo Fisher Scientic, US).
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