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We study the outer atomic surfaces of a series of perovskite- is absent for Low-Energy Ion Scattering (LEIS), which analyses
based ceramics using Low Energy Ion Scattering s only the very outer atomic monolayer, i.e the very surface
spectroscopy. After high temperature treatment, segregated involved in reactions with the gas phase.[9] In LEIS, noble gas
A-site (or acceptor substituent) cations dominate the outer primary ions (typically He', Ne" or Ar’) are backscattered by
surfaces with no B-site cations detected. We also find evidence clastic collisions with surface atoms of a sample, and their
of an associated B-cation enriched region below the surface. resulting kinetic energy distribution is analyzed. The kinematics
ss of the backscattering event may be described as a two-body
Perovskite-based oxides are of growing importance because of elastic collision, and the energy distribution of the backscattered
their application in a diverse range of devices in clean energy, ions is determined by the masses (and therefore clemental /
communications and microelectronics. The functional properties isotopic identities) of the atoms in the outer surface of the
utilised range from ionic conductivity, magnetism, colossal sample.[9, 10] As well as providing compositional information
magnetoresistance, superconductivity, dielectric and e specific to the very first atomic layer, the energy spectrum data is
electrochemical properties, and examples of applications include directly quantifiable due to the lack of matrix effects (unlike
solid oxide fuel cell electrodes, catalysts, gas sensors microwave SIMS).[11] LEIS is therefore an ideal tool to probe the very outer
dielectrics, and permanent magnets.[1] There is also intense layers of oxide electroceramics which determine their interaction
current interest in the interface between thin film oxide structures with the surrounding gas phase.
due to reports of enhanced electronic and ionic conductivity.[2, 3] ¢ In this work, we apply high sensitivity LEIS depth profiling to
These structures are fabricated at elevated temperatures using characterize the surface and near-surface composition of
either physical or chemical deposition techniques and clearly the polycrystalline ceramics representative of the most promising
immediate surface of the materials (and substrates) that form perovskite-based mixed ionic and electronic conducting materials
these layers can be of great importance in determining the for fuel cell applications: LagStg4CogoFeys0;35 (LSCF-113,
functional properties of the resulting interfaces. w0 single  perovskite), GdBaCo,0s.s (GBCO-1125, double
For all the above examples, the exchange of oxygen, at perovskite) and La;NiO45 (LNO-214, Ruddlesden-Popper n=1
elevated temperatures, between the solid and the ambient gas, structure).[12, 13]. The parent single perovskite (“113”, from the
mediated by the immediate surface, is a very important process as A:B:O atomic ratios) crystal structure (ABO;_;) may be thought
it determines the oxygen stoichiometry and hence the functional of as a stack of alternating AO and BO, sheets (Fig. 1a). These
properties. This gas-solid exchange will occur during any high- 75 materials are often modified by adding aliovalent cations onto the
temperature processing step, such as deposition, sintering or A site (A’). If acceptor (A’) and host (A) cations order in
annealing, and this interaction is fundamental to those materials alternate AO planes, the double perovskite structure AA’B;Os.;
used in high temperature electrochemical applications, such as (“11257) shown in Fig. 1b is formed, with the AO —-BO, - A’0 -
electrodes for solid oxide fuel cells (SOFCs) and electrolysers BO, stacking sequence. The final major family of interest is the
(SOECs). Clearly the surface composition of these materials has Ruddlesden-Popper (RP) series of materials with a stacking
an important impact on the oxygen exchange kinetics, but it is sequence such as AO — (BO; - AO -), —, and in particular the n=1
only recently that interest is being directed towards the chemical member of the family which corresponds to the AyBO,.; structure
characterization of the immediate surface and subsurface regions (“214”). This may also be viewed as a series of n ABO;
and its evolution under processing and operating conditions. perovskite blocks, interspersed with AO rock salt planes. Note

%0
a5

Most reported studies on oxide electroceramic surfaces use X- that for 7 equal to infinity, the structure would correspond to that
ray Photoelectron Spectroscopy (XPS)[4-6] and Secondary lon of the parent perovskite phase.

Mass Spectrometry (SIMS)[7, 8]. Although both techniques are After grinding and polishing to produce a flat, fresh surface,
extremely useful to investigate the composition in the near the samples were subjected to high temperature annealing
surface region, information about the very outer surface is treatments in order to simulate the processing and / or operation
difficult to deconvolute as both integrate over several atomic % conditions (i.e. 1000°C for 12h in 200 mbar O,) for their
layers (typically 2-3 for SIMS and 3-20 for XPS). This limitation application in solid state electrochemical devices (see section in
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ESI' for further details on sample preparation). Since the surfaces
were annealed for a significant amount of time at these elevated
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temperatures, we expect them to be representative of the surfaces
of the materials in practical devices.

C) AzBO4+5

Fig.1 Structures of the perovskite and perovskite-related oxides studied in this work. (a) Perovskite structure (ABO;.4), where A is the rare earth cation
and B is the transition metal, (b) Ordered double perovskite (AA’B1Os.q), where A and A’ cations are alternated in the layered structure, and (c)
Ruddlesden-Popper structure with n=1 (A,BO4:4), where the perovskite unit cell is separated by the (AO) rock salt layers.

Prior to the LEIS analyses, the sample surfaces were exposed
10 to atomic oxygen (at room temperature) in a sample preparation
chamber attached to the instrument, in order to remove any
hydrocarbon contaminants from exposure to the atmosphere. The
absence of C was confirmed by analysis using 3 keV *He" (Fig.
S2 in ESI"). Once this cleaning was complete, a fresh area of the
sample surface was selected for the depth profiling measurement.
The depth profiles were acquired using a >’Ne" analysis beam and
a 500 eV *°Ar" sputter beam incident at 59 °. The Ne beam gives
better separation for heavier masses, allowing us to resolve the
peaks for the cations of interest during the depth profiling
analyses. In order to ensure the information originated only from
the very outer surface of the samples, the primary ion fluence
used to acquire each spectrum was limited to ensure the analysis
remained in the so-called “static regime”. Further details on the
LEIS experiments are included in the ESI'.

The immediate surfaces of all of the materials after a typical
high temperature treatment in an oxidising ambient (Fig. 2, top
plots) are dominated by one of the A-site cations. In the case of
LNO-214, the lanthanum cation dominates the surface, whilst the
LSCF-113 and GBCO-1125 materials partially substituted with
divalent alkaline-earth cations also show an A-cation dominated
surface, with strong preferential segregation of the substituent
cations (A’: Sr and Ba respectively). Whilst the surface of LNO-
214 (Fig. 2c, top plot) does consist mainly of La, we also observe
a very small peak (marked as *), which we assign to Pb. The Pb**
acceptor substituent is known to segregate in perovskite
(La,Pb)MnO;,[14] leading to significant surface coverage in that
case. Although the Pb content in the present LNO-214 starting
powder is estimated to be less than 0.0015 wt. %,[15] impurity
cations here could also segregate from the bulk to the outer
surface of the pellet during the high temperature anneal (1000 °C,
12 h), causing the relatively low (a few tenths to a few percent)
coverage we see here. Cross-contamination by volatile Pb species
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from the annealing equipment cannot be excluded, although Pb
contamination is not seen for the other samples studied here.

We detect no signal for the respective transition metal cations
(B: Fe, Co and Ni) in the very outer surfaces of the
polycrystalline samples. With light sputtering (sub-surface and
“bulk” plots in Fig. 2), these peaks do appear clearly for layers
just beneath the surface. The experimentally observed surface
terminations are in striking contrast to the assumptions made in
many computational modelling studies of the surface structure
and oxygen exchange reaction, which assume either a mixed
(AO)- and (BO,)- terminated or a (BO,)- dominated surface to
facilitate electron transfer to reduce gaseous O,.[16-22]

It is worth bearing in mind during the interpretation of the
present data the polycrystalline ceramic nature of the samples.
For example, the grain size of the single perovskite sample was
around 2 pm; therefore, an analysis over an area of 1000 x 1000
pum’® will probe the surfaces of around 250,000 grains, with a
range of grain orientations. Although the polycrystalline ceramic
samples contain many randomly orientated grains, the
equilibrium surfaces will most likely show facets favouring only
a few close packed, low index planes such as {100}, {110}, or
{111}. Fullarton et al.[23] compared the A:O coverage ratios for
the acceptor-substituted perovskite Sm;,SrCoO; using external
standards for surface atomic densities, and found surface
coverages consistent with the (100) termination. Recent ab initio
calculations by Ding et al.[24] concur with this experimental
observation, showing that (001) oriented slabs of La, Sty sFeOs_5
were more stable than the (110) and (111) orientations.

The observed A-cation enriched surface layer is consistent
with previous experimental reports for other single perovskite
(isostructural to LSCF-113) materials,[4, 8, 23, 25-30] and LNO-
214-based RP phases.[29, 31]. Additionally, many authors have
shown evidence for the surface enrichment of acceptor
substituents in perovskites including Sr** segregation in Sm;.

This journal is © The Royal Society of Chemistry [year]
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S1,C005.5,[23] La;,Sr,MnO;5,[4, 32, 33] and LagsSry4Coy.
yFe,03.5,[26, 29, 34] as well as Pb**segregation in (La,Pb)MnO;.
5-[14]. Our results show the same trend for Ba?" in the double
perovskite GBCO-1125 (i.e. the A-site cation preferentially
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s located at the surface, with segregation of the A’ acceptor
substituent), suggesting that this termination is energetically
favourable for all lanthanide-based perovskite-structured
materials.
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Fig. 2 LEIS spectra of the (a) single perovskite (LSCF-113), (b) double perovskite (GBCO-1125) and (c) Ruddlesden-Popper (LNO-214) samples after
being annealed at 1000 °C for 12 hours at pO2 = 200 mbar. Spectra are shown for the immediate outer surface (top row), sub surface after removal of a
small amount of material by sputtering (middle row), and finally once the bulk composition has been reached (bottom row).

Whilst studies using techniques such as XPS,[4, 28, 30]
SIMSJ7, 8] or Total Reflection X-Ray Fluorescence (TXRF [27])
15 show enrichment of these cations fowards the surface, we
emphasise that the extreme surface sensivitiy of our LEIS data
(and previously reported studies on similar materials using this
technique [23, 25, 26, 29, 31]) shows directly that the very outer
atomic surfaces are totally dominated by the A-cations, with no
detectable exposed transition metal cations.

Sputter depth profiles were then obtained using low energy Ar
sputtering (500 eV, 59° incidence) to remove material, and the
same “’Ne+ analysis beam. These profiles, along with a
description of the procedures used to calibrate them are given in
the ESIT (Fig. $3"). In all samples, the profiles reveal three
distinct regions, characterized by different cation ratios, as seen
in fig. 3. Firstly, the very outermost surface is enriched in the A
cation (particularly the acceptor substituent, A’, if present). Light
sputtering reveals the B cations, which grow in intensity to show
a second region which is slightly enriched in these species
compared to the bulk stoichiometry (dashed line in Fig. 3).
Finally, after sufficient sputtering, the bulk composition is
reached, showing a plateau in the cation surface coverage, which
was assumed to correspond to the bulk stoichiometry (LEIS
spectra corresponding to this bulk stoichiometric region are
shown in the bottom row of Fig. 2). Analysis artefacts such as ion
beam mixing and preferential sputtering that may be induced by
the use of a sputtering-based technique have been carefully
considered and can be neglected for these analyses, as justified in
the ESI' (e.g. sputtering yields in Table SI").

The profiles in fig. 3 allow us to quantify the extent of the
surface segregation. In the acceptor doped materials (LSCF-113
and GBCO-1125) the aliovalent substituents (Sr** and Ba"
respectively, denoted A’) segregate strongly to the outermost
surface. In both cases the A’ site fraction is close to unity; in
LSCF-113, the acceptor substituent site fraction (A’ / (A+A’)) is

0.97 at the surface, compared to 0.4 in the bulk (Fig. 3a), whilst
GBCO-1125 shows a surface acceptor substituent fraction of
0.96, compared to 0.5 in the bulk.

so  The sputter depth profiles also reveal a distribution of the

acceptor substituent with depth, which may be described by the
expression F(’jc') = b + Ae™*/¢  similar to that used by Dulli et
al.[4] to describe strontium segregation in Lag¢5Srg3sMnO;.5. In
this equation, F(’jc')represents the acceptor substituent site fraction

ss at depth x, b is the bulk site fraction of the acceptor substituent

(0.4 for LSCF-113 and 0.5 for GBCO-1125). The fitting
parameters A and G characterize the level of surface enrichment
and the depth of the segregation profile respectively. However,
whilst it was necessary to assume such a form in order to extract

e depth-resolved information from angle-resolved XPS data in ref.

[4], we do not need to invoke such assumptions and see directly

from our quantified LEIS data that the decay takes such a form.
Fitting the observed data to this equation yields values of A =

0.56 and G = 2.4 nm for the single perovskite LSCF-113 and A =

65 0.50 and G = 2.97 nm for the double perovskite GBCO-1125.

Atomic mixing by the sputter beam could also produce an
exponential decay in the LEIS signal, characterized by a mixing
length similar to the mean projected range (R,) of the sputtering
beam. For the 500 eV “’Ar" sputter ions at 59 degrees incidence
used here, R, is estimated to be 1.0 nm for both the single and
double perovskite.[35] Since this is less than half the value of the
fitted G parameters, which characterize the segregation length,
we discount the influence of ion beam mixing on the measured
segregation profiles In other words, these represent the “true”
cation segregation profiles.

This segregation of the alkaline earth acceptor substituent
(strontium in LSCF-113 and barium in GBCO-1125,
respectively) is also consistent with literature reports for single
perovskite materials,[4, 8, 14, 23, 26, 27, 32, 33, 36-38] and is

=]

a

so thought to be driven by a combination of electrostatic and elastic

This journal is © The Royal Society of Chemistry [year]
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interactions caused by the size and charge mismatch of the
substitutional ion.[24, 30] As shown in Fig. 1, the present
materials consist of AO and BO, planes in different stacking
sequences for the different perovskite related structures. A
s perovskite in which the A and B cations both have a charge of 3+
will therefore have planes of A**O% and B*'0,%, which have
overall positive and negative formal charges respectively. As
discussed by Tasker,[39] cleaving such a crystal parallel to one of
these charged planes (i.e. the (100) termination suggested above)
10 will create an unstable polar surface with infinite associated
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surface energy. In comparison, for the more commonly studied
AZ'B* 0%, perovskites (e.g. SrTiO3;) both A*O* and B*'0%,
planes will be formally neutral, and so the size mismatch between
the host and substitutional cation will have more effect on the

15 surface segregation behaviour. However, for perovskites in which
the A and B cations have a charge of 3+, which are more
typically used in electrochemical applications such as SOFC
cathodes, the existence of surface charge will dominate the
segregation behaviour.

b)6 keV “Ne—> GBCO-1125
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Fig. 3 LEIS depth profiles showing the acceptor substituent site fraction A’:(A’+A) and the (B+B’):(A’+A) ratios at the surface and near-surface, for (a)
LSCF-113, (b) GBCO-1125 and (c) LNO-214. Solid lines plotted for LSCF-113 and GBCO-1125 correspond to fittings to the expression from reference
[4] to describe the divalent cation segregation, as explained in the text. (d) Schematic of compositional variations in near surface region of these perovskite

electroceramics

s Although replacing A*" ions in the outer surface with A’*" ions
will decrease the surface energy by neutralising the charged
surface, Harrison[19] showed that a redistribution of the A-site
cations with the A’ substitutional exponentially enriched in the
near surface region (i.e. as shown in the present data, as well as

30 previous reports[4, 14]) is a lower energy solution to cancel the
dipole moment near the surface and minimise surface energy.

However, Harrison’s treatment predicts the lowest energy
configuration to have segregation depths, G, of 0.31 and 0.21 nm

for the single and double perovskite respectively, clearly much
35 lower than those measured for the polycrystalline samples here.
Indeed the value Harrison predicts is also much lower than that
measured experimentally for epitaxial films of Laj ¢5Sry 35sMnO;_5.
[4]
Whilst both surface charge and elastic interactions drive the
40 surface segregation of acceptor substituents in ABO;
perovskites,[24, 30] Harrison’s theoretical description of the
segregation profile neglects any strain effects, which may partly

4 | Journal Name, [year], [vol], 00—00
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account for the predicted segregation length being lower than
observed experimentally. The second possible reason for the
discrepancy, as acknowledged by Harrison, is that the theoretical
treatment neglects the formation of any secondary phases at the
material surface. Such phase changes may be in the form of oxide
(AO),[40-43] hydroxide (AOH)[6, 44] or carbonate (ACO;)[6]
secondary phases at the sample surface, as is well known for
A?*B*0, perovskites such as SrTiO;, and more recently reported
in LSC.[44] Alternatively, structural rearrangement of the near
surface of the perovskite into Ruddlesden-Popper type phases
may occur.[4, 7, 45, 46] Since both phases are structurally
related, this sub-surface reconstruction may also proceed in the
opposite direction for the LNO-214 Ruddlesden-Popper phase,
reconstructing into a higher order (e.g. n = 2 or 3) Ruddlesden-
Popper phase, as previously described for LNO-214 single
crystals. [47] Both of these mechanisms would be consistent with
the (B+B’ / A+A’) profiles presented in Fig. 3 show evidence of a
region a few nanometers below the surface which is enriched in
the B cation (or depleted in the A cation) by a considerable factor
of around 10%-20% for the LSCF-113 and GBCO-225 materials,
and even higher (40%) for LNO-214, before the bulk
stoichiometry is reached.

This sub-surface restructuring seems to be driven by the
segregation of the A cations, or acceptor dopant (A’) in A-site
substituted perovskites, to the surface, although this does seem
more sensitive to sample preparation and treatment conditions.
Similar near-surface reconstruction has been suggested from XPS
studies of Lag45Srg35MnO; 5 thin films, where it was suggested
that there may be some restructuring of the near-surface of the
material into Ruddlesden-Popper type A,;+;B,O3,4 phases (n= 1
or 2) [4], as well as from SIMS analyses of A''B*'O,
(KTaO;)[46] and A*B* 0, (SrTiOs[7] and BaTiO5[48])
perovskites, and attributed variously to A-cation deficient regions
remaining after segregation of the A cation to the surface or as
regions of B cation rich B0, ; Magneli phases. The correct
interpretation of the SIMS profiles on which their conclusions
were based is likely to be complicated somewhat by the
challenges in quantifying such data, due to the matrix effects for
which SIMS is notorious. However, this surface and sub-surface
reconstruction seems to be a general trend in perovskite and
related oxides as proved by the present LEIS depth profiles,
which is free of the matrix effects and directly quantifiable even
in the surface and near-surface regions.

In the case of LNO-214 the diffusion of La (A-site cation)
towards the surface could result in a difference in the stacking
sequence in the near-surface region which would lead to the
appearance of Ruddlesden-Popper (RP) phases with n>1 with a
larger number of perovskite layers between each rock-salt layer.
The appearance of both La;Ni,O;.5 and LayNizO9.5s n=2 and n=3
phases has been observed by Gauquelin et al. [47] for single
crystal LNO-214 single crystals annealed in air at 1000 °C. The
formation of the nickel-rich RP phases is believed to be due to
near-surface segregation of nickel or evaporation of a volatile
lanthanum species. [47, 49]

This A cation deficient region may not have been observed in
the previous XPS measurements partly because its information
depth (approximately 10 nm) is deeper than the that of LEIS.
Furthermore, the interpretation of the angle resolved XPS data

60

%
=3

100

105

110

relies on comparison of experimental data against elemental
ratios calculated for an assumed model of the sample structure; if
such an A-site cation deficiency is not incorporated into the
model, then it may not be noticed in the data. This highlights one
of the benefits of the LEIS depth profiling method used here;
there is no need to invoke a model of the sample in order to
extract quantitative information from the data.

Before concluding, we draw attention to fig. 3(d), which
presents a schematic representation of the near-surface
compositional variations in these perovskite-based materials
suggested by our results. The very outer surface is dominated by
the A-cation, or acceptor substituent. This is probably both still
incorporated in the perovskite phase and precipitated as
secondary phases. This segregation leaves a region which is
depleted in the A-cation (or enriched in the B-cation), before the
bulk stoichiometry is reached. If an acceptor substituent is
present, an additional segregation profile of that subsitutent is
superimposed on this, decaying exponentially from effectively
unity at the surface to the bulk value.

Conclusions

The deviations in surface composition from bulk stoichiometry
seen in these experiments using the new technique of high
sensitivity LEIS are an illuminating insight into the dynamic
nature of the outermost atomic layers of electroceramic materials.
Significant surface modifications can occur after thermal
treatments typical in processing and operation. These include
temperatures and times similar to those used for calcining,
sintering and the conditions used for thin film deposition. More
importantly they correspond to the regimes used in the
operational environments of high temperature devices such as
solid oxide fuel cells. It is clear that significant reorganisation of
an extended surface zone takes place. This surface zone is not
simply a relaxation of the possible crystal termination, as is often
modelled by DFT simulations, but a more extensive
reorganisation of the atoms in this surface zone. What is also
apparent is that the termination of those extremely important
electroceramics with a (3,3) perovskite or perovskite related
structure, show an overwhelming tendency to terminate in an AO
plane and that when an alkaline earth is substituted for the
trivalent A cation, this segregates very strongly to the outermost
surface to remove any surface dipole moment.

A first question arises as to why this AO termination is the
most stable at elevated temperatures (and high oxygen activities)?
This predominant surface structure has profound implications for
the catalytic activity of the materials as the transition metal
cations, usually invoked as the active site for the interaction with
any gaseous oxygen species, are hidden below the first atomic
surface layer. As many of these materials do show high activity
for catalytic processes such as oxygen reduction this implies that
the presence of point defects, such as surface oxygen vacancies,
which would expose the underlying transition metal cations,
could have an extremely important role.
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Surface termination and Subsurface
Restructuring of Perovskite-based
Solid Oxide Electrode Materials

Broader Context:
Perovskite-based (ABO3) electro-ceramics have many applications including

ferroelectrics, multiferroics and electro-catalysis in high temperature
electrochemical devices. One subgroup, the A3+B3+03 (3,3 perovskites), are
extensively used as electrode materials in solid oxide fuel cells and electrolysers.
These oxides contain a trivalent lanthanide cation on the A-site and a mixed
valence transition metal cation on the B-site, with the lanthanide often partially
substituted by a divalent alkaline earth to promote electrocatalysis. Their
catalytic activity is often related to the nature of the B-site transition metal
cation. Our results using a surface analysis technique sensitive to the very
outermost atomic layer show, very unexpectedly, that the B-site transition metal
cations are not exposed at the surface to participate in catalytic reactions, to
within the detection limits of the technique. In fact, we show that for three
representative perovskite-based electro-ceramics, the larger A-site cations
dominate the surface leaving a transition metal rich region beneath the surface.
Substitution by a divalent alkaline earth cation leads to a strong preferential
segregation of this cation to the surface. These findings indicate the importance
of characterizing the surfaces of these materials at the atomic level for the
understanding of catalytic and oxygen exchange performance. Furthermore, they
provide a basis to guide fundamental theoretical studies of the exchange of
oxygen between the gas ambient and the electrochemically-active surfaces of

perovskite-based ceramics.
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