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Abstract

Composites consisting of a perovskite-based electronic or mixed conductor with a fluorite-structured
ionic conductor are often used as electrodes in solid oxide electrochemical energy conversion
devices. After sintering the materials, there is often evidence for inter-reaction between the two
phases, or inter-diffusion of cations or impurities between the two phases. We studied the **0
exchange properties of a composite consisting of CGO and LSCF in a 50:50 ratio. High resolution ToF-
SIMS mapping reveals that *®0 fraction at the very outer surface of grains of the CGO phase is much
higher than expected from D" and k' values for the single-phase parent material. Surface
compositional analysis by ToF-SIMS and Low Energy lon Scattering (LEIS) spectroscopy suggests the
surfaces of the CGO grains in the composite do not show the impurities which typically segregate to
the surface in single-phase CGO. Thus the “cleaning” of impurities from the CGO surface by
dissolution into the perovskite phase may be one explanation for the apparent enhanced surface

exchange for CGO in these composites.

Introduction

Oxygen electrodes for solid oxide electrolyser cells (SOECs) should possess mixed ionic-electronic
conductivity (MIEC) under a range of operating conditions. In the case of reversible cells, this entails
both oxidising and reducing conditions. Whilst single phase materials such as La;,Sr,MnQs,s (LSM)
and La;,Sr¢Co;.,Fe,05.5 (LSCF) show MIEC behaviour under Solid Oxide Fuel Cell (SOFC) conditions,
their ionic conductivities often decrease in the high oxygen activities encountered during SOEC
operation due to a drop off in the concentration of charge-carrying oxygen vacancies. This is one of

the typical modes of failure of electrodes by delamination® .

Although single-phase MIEC materials are attractive for electrodes, another way to achieve
mixed conduction in both SOEC and SOFC modes is to use macroscopically mixed conducting dual
phase ceramic composites. These offer the ability to combine high oxygen diffusivity, normally

contributed by an ionically conducting fluorite phase such as Zr;,Y,0,,/, (YSZ) or Ce;,Gd,0,.,/, (CGO),
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with electronic conduction, typically from a perovskite-structured phase such as LSM or LSCF. In this
case, the ionic conductivity is dominated by the fluorite phase and expected to be high in both SOFC
and SOEC modes (i.e. the oxidising conditions experienced as anodes under electrolysis mode as well

as reducing conditions for cathodes under SOFC mode).

However, the high temperatures required to sinter the materials can lead to inter-reaction.
In the case of LSM with YSZ, this can result in the formation of secondary phases such as La,Zr,0;
which block oxygen transport ) # 3. Although CGO and LSCF are not believed to react to form
secondary phases * >, there is evidence that cation inter-diffusion does occur between the two
phases ©°. Particular attention has been paid to diffusion of both transition metals and the larger La
and Sr cations from the perovskite into the CGO ’, although the solubility of Ce and Gd in the

1011 However, the effect of such inter-reaction on the overall materials

perovskite is likely to be low
properties, such as oxygen surface exchange, are not yet known. It has even been proposed that the
diffusion of transition metal cations into the fluorite phase could enhance its electro-catalytic

activity towards oxygen incorporation " **,

The combination of 0 isotopic labelling experiments with Secondary lon Mass
Spectrometry (SIMS) is an attractive combination to study the mechanisms of oxygen exchange.
Methods such as electrochemical impedance studies and electrical conductivity relaxation provide
information averaged over an entire macroscopic sample, and as such it is difficult to extract any
microstructurally-resolved information on the role of the two phases. On the other hand, SIMS
instruments can provide a probe on the order of 100 nm, allowing localised information to be

extracted, highlighting the active sites for oxygen incorporation ***°.

Although previous reports of IEDP-SIMS studies on composites used quadrupole SIMS

instruments >

, this type of SIMS suffers from the drawback that mass detection is sequential. That
is, the masses to be studied must be chosen beforehand, and only a single signal can be monitored
at one time. Therefore, it is impossible to obtain, say, both the *°0 and *20 intensities from the same
point — one must be recorded first, which entails the removal of some material (of the order of 50
nm in depth) by sputtering. The second channel is then recorded by rastering the ion beam a second
time across the area of interest. The information in the second scan hence comes from a slightly
deeper depth. Therefore, obtaining information about the distribution of cations as well as the

oxygen isotopes would consume a large depth of the sample. On the other hand, in contrast to

quadrupole SIMS, Time of Flight (ToF-SIMS) offers parallel ion detection, hence the entire mass
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spectrum is recorded for every pixel of the image at each depth ', Therefore, it is possible to
extract far more information about the distribution of chemical and isotopic composition in the
sample by the use of ToF-SIMS. In this work, we exploit this combination of isotope exchange and
surface analysis by two complementary ion beam techniques, namely Time of Flight (ToF)-SIMS and
Low Energy lon Scattering spectroscopy (LEIS), to study oxygen exchange in these materials. The
former technique offers high chemical sensitivity and lateral resolution, whilst the latter

quantitatively probes the elemental composition of the very outer atomic surface of a material **%'.

Experimental

Commercially available powders of CeoGdg 10165 (CGO, Nextech, USA) and LageSre4CogFepsOs.s
(LSCF, Praxair, USA) were mixed in a 50:50 (by weight) ratio by ball milling overnight (longer than 12
hours) in ethanol. After drying the powder blends, they were pressed into pellets and sintered at

1250 °C for 4 hours.

The sintered pellets, with density (as estimated by the Archimedes method) greater than
95% of theoretical, were ground flat with SiC and then polished with diamond suspension. One set of
these samples was analysed in the “as-polished” state (see below for experimental details of the
characterisation techniques), whilst the other samples were used for the **0 exchange experiments
19.22 This methodology involves a pre-anneal in research grade oxygen (of nominally natural isotopic
abundance) for at least 10 times the duration of the subsequent exchange anneal, before the
introduction of 200 mbar of oxygen gas enriched in *®0 and the (shorter) exchange anneal. The 0

diffusion profiles were then measured by ToF=SIMS, and the surface composition of the samples

analysed by Low Energy lon Scattering (LEIS) spectroscopy.

The duration of the isotope exchanges (900 s at 500 °C and 1200 s at 700 °C) were chosen

based on data in the literature for the two constituent phases ****

. Key parameters for the exchange
are summarised in table 1. The diffusivity of LSCF is lower than that of CGO by one to two orders of
magnitude lower at the temperatures of interest. Therefore, the normalized surface isotopic
fractions will essentially be governed by the surface exchange coefficient, k*. Note that under the
exchange conditions chosen, the isotopic fraction in the CGO is expected to be virtually zero, whilst

that in the LSCF should be 30 — 40 %. In other words, we expect significant contrast in the **0

isotopic fractions between the two phases.
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Table 1 Oxygen-18 exchange conditions used in this work

D* k* Anneal Ld
Temp. | Phase R h' C's [Cs] (%) | Reference
(em®s™) | (cms™) | Time(s) | (um)

CGO |5x10" | 2x10° 14.5 | 0.0029 | 0.33[0.51] 2
500 °C 1058

LSCF | 6x10™* | 3x10° 1.6 | 0.3984 | 32.8[31.3] 23

CGO | 2x10® | 4x10® 112.8 | 0.0113 1.3 [1.4] 2
700 °C 5 | 1590 -

LSCF | 3x10° | 1x 10 43.7 | 0.7280 | 48.4[46.2]

Measurement of oxygen isotope distributions

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS V, lon-ToF GmbH., Germany)
was used to analyse the lateral distribution of various elements of interest (e.g. cations characteristic
of the two phases) at the sample surface, as well as the distribution of the **0 isotopic tracer, as it
provides isotopically-resolved information of the elemental composition. The depth profiles were
performed in dual beam mode, with sputtering by a 2 keV Ar" beam interlaced with the analysis
cycles. After profiling, the sputter rates were calibrated by measuring the final crater depth by 3D
microscopy (LEXT OLS 4000, Olympus, Japan). To avoid inaccuracies in the determination of the
oxygen isotope fractions due to detector saturation, Selective Attenuation of Secondary lons (SASI)
%% was applied to the 0" and 20" signals, with the attenuation level determined by the instrument

software for each species, adjusted automatically throughout the profile.

After depth calibration, the intensities for the 0" and 0" were extracted from the data,
and values for the kinetic parameters D* and k* (oxygen diffusion and surface exchange coefficients,
respectively) were determined by fitting Crank’s solution to the diffusion equation for a semi-
inifinite medium including surface exchange limitation (equation 1 *°) in MATLAB (The Mathworks,

1(*®07)

. . . 16 A —
10 =100 " calculated form the secondary ion intensities I(*°0™)

USA). In this equation, C) =

and I(*807), is the observed isotope fraction at depth x, Cpg is the fraction of the ¥0 isotope in the
solid immediately prior to the exchange (taken as the natural isotopic abundance of *20), Cy is the
fraction of the *®0 tracer in the gas phase (95 %), and t is the duration of the isotope exchange

anneal.



Page 5 of 21

Faraday Discussions

Equation 1

For the analysis of the lateral distribution of the 20 tracer at the sample surfaces, ToF-SIMS
imaging analysis was conducted with the instrument operated in the “fast imaging” mode, offering
high lateral resolution (approximately 100 nm spot size), and unit mass resolution. Rather than
bursting the beam to reduce the primary ion current, and hence the secondary ion currents %/,
saturation of the detector by the intense oxygen secondary ion currents was again avoided by
attenuation of the signals at m/z 16 u (attributed to '°0") and 18 u (attributed to *0°) by SASI %. For
the imaging analysis, the attenuation factors were fixed as “high” (attenuation by a factor of 87) for

m/z 16 u and “low” (attenuation by a factor of 7.8) for m/z 18 u.

Surface Analysis by Low Energy Ion Scattering (LEIS) Spectroscopy

Low Energy lon Scattering (LEIS) spectroscopy measurements of the composition of the very outer
monoatomic layer of the samples were performed using a Qtac'® instrument (lon-ToF GmbH.,
Germany). Primary ion beams of “He* (accelerated to 3 keV) and ?°Ne" (accelerated to 6 keV) were
directed to the sample surface at normal incidence, and the energy distribution of ions
backscattered through 145° was measured by a double toroidal electrostatic analyser. Further

28,29

details of the LEIS technique in general are given in references , and more details on the specific

experimental setup are given in reference *°.

Prior to analysis, adventitious atmospheric
contamination (e.g. adsorbed moisture and hydrocarbons), which would otherwise obscure
information on the composition of the very outer monolayer, was cleaned from the sample surfaces

by exposure to reactive atomic oxygen 3

Results

Microstructure and Assignment of Phases

Figure 1 shows ToF-SIMS negative ion maps representing the microstructure of the composites. The
image on the left shows the intensity at m/z 88 u. Although the mass of the most abundant isotope
of Sr is 87.91 u (85.58% abundance), the signal at m/z 88 u is most likely due to *°Fe'®0, fragment
ions rather than negatively charged ®Sr ions. However, since both Sr and Fe arise from the LSCF
phase, the resolution of this possible interference is not necessary for the purposes of distinguishing

between the two phases in this image, and the map at m/z 88 u is deemed characteristic of the LSCF.
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On the other hand, the signal at m/z 188 u is attributed predominantly to GdO,’, and so taken as
characteristic of the CGO phase. The two negative secondary ion maps presented are clearly the
inverse of one another, and the overlay of the two signals shows that the distribution of these two

elements is complementary, as expected for the two phases.

(b) m/z=188 u (c) Overlay of (a) and (b)

Figure 1 ToF-SIMS negative secondary ions images for (a) m/z 88 u (FeO,) and (b) m/z 188 u (GdO,’) and two-channel
overlay of the two in green and red respectively

The grain sizes of the two phases measured from SEM images were 620 nm for the LSCF and
750 nm for the CGO. In comparison, the grain sizes in the single phase CGO and LSCF samples,
sintered under the same conditions, were around 2 pm and 300 nm respectively. Grain growth of
the LSCF grains during sintering of the composite appear to be suppressed by the presence of
neighbouring grains of CGO. On the other hand, the size of the CGO grains in the composite sample
are more than twice that in the single phase parent material. Cobalt is often added to CGO as a

sintering aid *>*, and it is possible that Co diffusing from the LSCF may act in a similar way.

180 Isotope Exchange Experiments

“Macroscopic” Isotope Diffusion Profiles at 500 °C

Isotope exchange profiles in the pure LSCF and the CGO-LSCF composite exchanged at 500 °C and
obtained by dual beam ToF-SIMS sputter depth profiling are shown in Figure 2. The fit of the solution
to the diffusion equation (Equation 1) to the experimentally determined profile for the LSCF agrees
reasonably well, and returns values of 9.3 x 10™ cm’s™ and 3.0 x 10°® cms™ for the diffusivity, D*,
and surface exchange, k*, coefficients respectively, which are very close to those previously
obtained . As is clear from the inset, at greater depths, the experimental profile deviates from the
analytical solution. This is probably indicative of a fast grain boundary diffusion pathway, which may
begin to dominate at lower temperatures. Such a change from bulk-dominated to grain boundary

dominated transport has previously been observed for mixed conducting perovskites 2.
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Unfortunately, the sputter depth profile was terminated before reaching the region 6 <

=X < 10, which is necessary for the accurate determination of grain boundar
[ /JD_> v e v

25, 34, 35

diffusion product . Therefore, the contribution of the grain boundary was neglected; this does

not seem to have affected the fit of the analytical solution adversely.
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Figure 2 Oxygen-18 diffusion profiles and associated fits for pure LSCF and a 50:50 CGO-LSCF composite subjected to
isotope exchange at 500 °C. Inset shows data for LSCF plotted on a logarithmic scale to highlight deviation at greater
depths.

Figure 2 also shows the isotope diffusion profile for the composite exchanged at 500 C. The
diffusion length here is clearly far longer than the LSCF, and the fit of Equation 1 to the profile yields
“effective” values of D* = 1.6 x 10° cm’s™ and k* = 1.3 x 10" cms™. Note that we term these values
“effective” parameters as analysis using Equation 1 implies one-dimensional diffusion in a
homogeneous medium, rather than the more realistic situation of three dimensional diffusion
between two phases which occurs in the composite. This type of analysis has previously been
applied successfully to composites including those in the CGO-LSCF ** 3¢ and YSZ-LSM ** systems. The
D* value is around three times higher than the literature value for CGO **. Although it was not
possible in the present work to measure the diffusion profile in CGO at this temperature, due to the
low k* value, measurements on samples prepared from this CGO powder as part of another study
showed diffusivities around 5 times higher than reported in 2*, possibly due to its relatively low
impurity content *’. Thus the diffusivity of the composite is comparable to that of the single phase
CGO. On the other hand, the k* value obtained for the present composite is four times higher than
previous reported and measured in this work for single phase LSCF, showing some enhancement in

the effective surface exchange rate in this composite.
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This type of analysis has previously been applied to fit diffusion profiles and extract

131635 "and the fit of equation 1 to the present data

“effective” D* and k* values for composites
agrees well deeper into the sample. However, a feature is evident in the profile for the composite at
shallow depths, showing an increased isotopic fraction not described by the analytical solution of
Equation 1. The artefact is not seen in the diffusion profile for the single-phase LSCF (also in Figure 2),
and is likely to be related to the mechanism of oxygen exchange in the composite. Since the length
of the feature is comparable to the diffusion length in LSCF, it may indicate that oxygen is
incorporated into the LSCF and diffuses a short distance before being transferred to the CGO.
Although this feature was not reported in the previous work, this may be because they were

performing linescan analyses of cross sections *, and the lateral resolution in these measurements

(around 10 um) is insufficient to resolve features on this length scale.

180 Isotopic Fraction mapping at low temperatures (500 °C)

Figure 3 shows results of the ToF-SIMS isotopic mapping of the composite exchanged at 500 °C. Parts
(a) and (b) are the secondary ion maps for the 0" and "0 oxygen isotopes respectively. Part (c)
shows the intensity map of the signal at m/z 88 u (as discussed above, this is attributed to FeO, ions,
taken to be characteristic of the LSCF phase). Although some contrast between the two phases is
evident in the oxygen images — i.e. the CGO regions are brighter - this appears in both the *0" and
80" maps and is therefore probably related to differences in the secondary ion yields of oxygen

between the two phases *°, and not the exchange properties. On the other hand, we can account for

18

0
this by calculating the **0 isotopic fraction on a pixel-by-pixel basis (Cxy = 1e-——15—), Which
' Oy +1%05

normalises out the effect of different secondary ion yields for the two phases. The resulting image is
shown as Figure 3 (d). Note that the values shown in this figure have not been normalised to the
isotopic fraction in the exchange gas or to the natural isotopic abundance of **0. However, since the
former is rather high (95 at.% '®0), and the latter low (0.204 % *®0), this normalisation would not

qualitatively affect the image.
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(c)m/z=88u (d) *#0 isotopic fraction map

Figure 3 ToF-SIMS negative secondary ion images of a 50:50 CGO-LSCF composite exchanged at 500°C. (a) m/z 16 u (160'),
(b) m/z18 u (180'), (c) m/z 88 u (FeO,, Indicative of LSCF phase), (d) oxygen isotopic fraction map.

Considering the rather large difference in the expected isotopic fractions for the two phases
under the present annealing conditions (0.005 for CGO and 0.313 for LSCF, from table 1), relatively
little contrast is evident in Figure 3(d). Close scrutiny of the image suggests some marginally brighter
patches corresponding to grains of LSCF indicated in Figure 3(c), although this is not as significant as

might be expected from the literature values.

The surface *®0 isotopic fraction may also be determined for each phase by extracting data
from regions of interest corresponding to the two phases. This was performed in the Surfacelab
“Measurement Explorer” Software, provided by lonToF GmbH., Germany. This procedure gives
average isotopic fraction values of 0.099 for the CGO and 0.101 for the LSCF regions. The **0 surface
isotopic fraction for the CGO is around 20 times higher than that expected for the single-phase
material under the same exchange conditions, whilst that for the LSCF is about a third of that

expected for the LSCF, and indeed seen in Figure 2 for the LSCF sample exchanged at the same time.

From the extracted surface isotopic fractions, we can calculate “apparent” surface isotopic
fractions, assuming that the two constituent phases behave as isolated phases in the exchange.

From this point of view, we obtain values of k* = 6.8 x 10® cms™ for the CGO (around 30 times the
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value of 2 x 10”° cms™ reported by Manning et al. **) and 9.5 x 10”° cms™ for the LSCF (a third of the

value of 3 x 10® cms™ determined for the LSCF sample exchanged at the same time).

180 Isotopic Fraction mapping at high temperatures (700 °C)

A similar 20 isotopic fraction mapping experiment is shown in Figure 4 for the sample exchanged at
700 °C. Again, the two phases are clearly resolved in the SIMS maps for both *°0 and *®0 isotopes
(Figure 4(a) and (b)), and for the signal at m/z 88 u, characteristic of the LSCF phase (Figure 4(c)). As
discussed for the previous case, we must calculate the oxygen isotopic fraction on a pixel-by-pixel
basis to account for differences in useful ion yield between the two phases, as shown in Figure 4(d).
Two things are evident from this latter image; firstly, a better microstructural contrast than seen in
Figure 3(d) is achieved. Secondly, the contrast is the inverse of what is expected from the properties
of the parent materials — the isotopic fraction in the CGO phase should be around 0.014, whilst that
in the LSCF should be much higher, around 0.462 (table 1). However, the ratios in Figure 4(d) show

far less contrast than expected, and surprisingly, the CGO is brighter in the 20 tracer.

900
800
300
700
600 200
(bymz=18u
100 0.50
80
0.40
60
030
40
020
20
0 0 0.10
pm 0 10 20 pm 0 10 20
(c) m/'z=88u (d) 0 isotopic fraction map

Figure 4 ToF-SIMS negative secondary ion images of CGO-LSCF composite exchanged at 700 °C. (a) m/z 16 u (160') image,
(b) m/z 18 u (**0) image, (c) m/z 88 u (LSCF: FeO, image, (d) oxygen isotopic fraction map. The box in (d) indicates the
region from which the linescans shown in Figure 5 were extracted.

227,40 if the typically more intense *°0" signal

As discussed in several recent publications
saturates the SIMS detector saturates the detector, the 20 isotopic fractions will be overestimated.

Since the CGO phase shows a higher ion yield for oxygen, there is a danger that this may induce

Page 10 of 21
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some detector saturation and an overestimate of the **0 isotopic fraction for the CGO phase. Care
has been taken to exclude the possibility of saturation, by the use of SASI *! during data acquisition,
and by cross checking that the same distribution is obtained calculating the isotopic fraction from
the (unsaturated) peaks at m/z = 32 u (**0™°0), 34 u (**0*®0) and 36 u (**0*®0). Therefore the isotope

fraction map in Figure 4(d) does indeed reflect the true distribution in the composite.

Figure 4(d) indicates a region from which the linescans shown in Figure 5 were extracted.
The top plot shows the intensity profile across Figure 4(c), indicating the intensity of the signal
characteristic of the LSCF phase (m/z 88 u, attributed to Fe,0’). The bottom plot shows the profile in
the "0 isotopic fraction (C’,) Figure 4(d) in the same region. The variation in the oxygen isotope
fractions is not as large as the variation of the signal at m/z 88 u, because 20 has been incorporated
in both phases. Despite this, the anti-correlation between the intensity of the m/z 88 u signal (i.e.
the LSCF) and the 20 isotopic fraction is clear from these two plots; valleys in the plot of the oxygen
isotope fraction match peaks in the plot of the signal at m/z 88 u, and vice versa. Hence it becomes
clear from this analysis that the isotopic fraction in grains of the CGO phase is in fact surprisingly
higher than that in the LSCF. Since the diffusivity of CGO is still higher than that of LSCF at this
temperature, the value of k*, the surface exchange coefficient, controls the surface isotopic fraction.
Therefore, the higher 20 isotopic fraction for the CGO grains implies that k* is higher for the CGO

grains in the composite than for the LSCF grains.

88 amu Intensity (cts)

0 2 4 6 8 10 12 14 16 18 20
Distance (Um)

0.35

Normalised '#0 Fraction (C'x)

0.2
0 2 4 6 8 10 12 14 16 18 20
Distance (um)

Figure 5 Linescans extracted from region indicated in isotopic mapping data of Figure 4. The points show the data, whilst
the lines have been smoothed by a 3-point moving average as a guide to the eye.
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To obtain a more precise representative value of the surface isotopic fractions in each phase,
the same procedure as for the sample exchanged at 500 °C was followed, by extracting from the
data only those regions corresponding to CGO or LSCF respectively, and taking the intensities of °0"
and 0" in those subsets of the data. This gives values of the surface isotopic fraction of 0.291 for
the CGO and 0.267 for the LSCF. These values are averaged over all the grains corresponding to each
phase (i.e. not the maximum values), and agree well with the linescans plotted in Figure 5. Using

23,24 ¢ estimate

these surface isotopic fractions along with literature values of D* for the two phases
their apparent surface exchange coefficients gives values of 4.2 x 10”7 cms™ for the LSCF (about 0.42
of the 1 x 10 cms™ reported for single phase LSCF %*), and k* = 1.2 x 10°® cms™ for the CGO, which is
a factor of 30 times higher than the value of 4 x 10® cms™ reported for the single phase parent

24
I

material <*, and indeed even around 3 times higher than the apparent value for the LSCF phase in

this composite.

Surface Analysis of Composites and Pure End Members

Before discussing possible reasons for this apparent enhancement, we must also consider the
surface composition of the composites. It is known that cation interdiffusion can occur between the
two phases at sintering and operation temperatures ", and this may explain some of the observed

changes in surface exchange behaviour.

Low Energy Ion Scattering (LEIS) Spectroscopy

The *He* (@3 keV) LEIS spectrum for the polished CGO pellet Figure 6(a) shows two peaks, one for
oxygen (~ 1150 eV), and a second at higher energies representing both Ce and Gd (~ 2750 eV), which
are too close in mass to be resolved under the present scattering conditions. A small amount of Si is
also evident as a surface contaminant. On annealing (Figure 6(b)), the coverage of the rare earth
elements decreases, whilst several contamination peaks (Na, Si and K or Ca) appear. These are
believed to be impurities segregating from the bulk, which is consistent with previous reports both

on CGO ** and on the closely related fluorite yttria stabilised zirconia *.
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Figure 6 LEIS analysis of samples as-polished and after annealing at 700 °C for (a,b) CGO, (c,d) 50:50 composite and (e,f)
LSCF. Spectra taken using “He" at 3 keV (a,c,e) and ’Ne* at 6 keV (b,d,f).

The evolution of the surface composition of the LSCF, shown in Figure 6(ge,f), is similar to that

already reported in ref. *

. The as-polished spectra show peaks for all elements expected at the
surface, although the Fe and Co components are not resolved under the present scattering
conditions. Following annealing, Sr segregates towards the surface, at the expense of the coverage
of the transition metals and lanthanum, which are virtually undetectable at the surface after
annealing at 700 °C, and the outer layer is comprised of Sr and O, as generally observed in most

commonly used solid oxide electrode materials **

Figure 6(c,d) shows LEIS spectra for pellets of the composite as-polished and after annealing
at 700 °C. Whilst spectra for the unfired powder blend (not show) were a linear combination of the
spectra for the parent CGO and LSCF powders, the spectra for the polished composite (Figure 6(c,d),
respectively) show a more intense Sr peak than expected from a combination of the spectra for the

polished single-phase parent materials. The excess signal in the polished composite may be due to Sr
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at the surface of the CGO grains which has diffused into the CGO upon sintering. This is in interesting
contrast to a previous SIMS study on CGO-LSCF diffusion couples, which suggested that La was more
prone to diffuse into CGO 2. Finally, we note that Figure 6(c) shows a small amount of sodium

contamination for the as-polished composite.

On annealing, the spectra for the annealed CGO-LSCF composites show a further increase in
the Sr coverage at the surface, indicating that the LSCF phase in the composite undergoes a similar
dominant Sr segregation to the single-phase material. The intensity of the Sr peak is greater for the
composite than for the LSCF single-phase material, imply that the extent of segregation is either
greater in the composite. This could be because segregating Sr may also migrate across the surface
to neighbouring grains of CGO. We note that the images at m/z 88 u shown in Figure 1, Figure 3 and
Figure 4 above were obtained in negative polarity, and as such are probably due not to ®Sr (Sr as an
electropositive element is unlikely to form negative secondary ions), but to FeO, " In fact, the image
at m/z 104 u (SrO’) did not show such clear contrast, which may support this interpretation of

migration of segregated Sr to the CGO.

In Figure 6(c) A peak is also evident at a slightly higher energy (around 2750 eV) for the
annealed composite, corresponding to either La (i.e. from the LSCF) or Ce (from the CGO) — the two
cannot be resolved under the present conditions. The latter would suggest the surfaces of the CGO

grains in the composite are cleaner than those in the single-phase parent CGO material.

This is also consistent with the absence of the impurities such as Na, Si, Ca which are seen
for the CGO pellet, but not the composite. Figure 7 is an enlarged version of the energy range
corresponding to Na, Si and Ca impurities for the CGO and composite pellets, both before (i.e. as
polished) and after annealing. The as-polished CGO already shows a small Si impurity, which
increases upon annealing, with the appearance of peaks for Na and Ca. These contaminants are

typical for fluorite electrolyte materials after annealing *****°

. In contrast, although the as-polished
pellet of the composite did show a small Na contamination peak, none of the impurity peaks (Na, Si,
Ca) seen for the single phase CGO are evident after annealing. This also suggests that the surfaces of
the CGO in the composites are indeed cleaner. It is possible that grains of the neighbouring
perovskite phase may incorporate these impurities in solid solution, effectively “soaking up” the

impurities which tend to segregate to the surface of the fluorite grains and block surface exchange.
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Figure 7 LEIS spectra (*He* @ 3 keV) of light contaminants on (a) CGO and (b) CGO-LSCF composite as-polished and after
annealing at 700 °C, and detail showing effect of annealing on composite and CGO surface.

The transition metals might also be expected to play a significant role in the surface
exchange properties. However, these are barely detected at the surface of the composites (Figure
6(d))), and seem to be in proportion to their concentration in the single-phase material. This
suggests that the signal arising only from transition metal cations in the outer surface of the LSCF
grains, which disappear with increasing annealing temperature. Secondary ion maps of signals
characteristic of the two transition metals, Co and Fe (Figure 8), show strong contrast between the
LSCF and CGO phases, with virtually no signal detected in the CGO grains. The edges of the grains are

sharp, implying there has been no significant diffusion of transition metals from the LSCF to the CGO .

17.5
15.0
12.5

10.0

0.0

Figure 8 Secondary ion maps at m/z=72u (56Fe160') andm/z=91u (59C01602')
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Discussion

The combination of *#0 isotopic exchange with high lateral resolution SIMS measurements shows
some differences between oxygen exchange in these composites at 500 °C and at 700 °C. For both
temperatures, “effective” values of D* and k* were obtained by fitting the diffusion profiles for the
composite as if they came from a single-phase material. The effective diffusivities were higher than
the values reported for single phase CGO **, which was attributed to a lower impurity content in the
present material *’. The k* values were also higher than for single phase LSCF *3, suggesting a slight

enhancement in surface exchange rate for these composites.

Laterally resolved SIMS analyses of the surface isotopic fraction of the composite is more
homogeneous than, for example the cation distribution. At 700 °C, the CGO actually shows a higher
80 surface isotopic fraction than the LSCF, indicating that the effect is more significant than a simple
diffusion of 20 from the LSCF to the CGO. The apparent surface exchange coefficients for each
phase (calculated from the surface isotopic fraction and literature values of D* by means of Equation
1i) of the CGO phase increases 30 fold, whilst that of the LSCF is decreased by a factor of 0.3 - 0.4,
depending on temperature. We recently reported enhancement of the surface exchange properties
of CGO when treated with nitrates of the constituent cations of LSCF “%; it is interesting to note that
treatment with Sr(NOs), resulted in an increase in the measured k* value by a factor of 24, a similar

magnitude of enhancement to that indicated here.

In order to aid interpretation of these results, we characterised the surface composition of
the composites by both ToF-SIMS and Low Energy lon Scattering (LEIS) spectroscopy. In light of the
changes in surface composition, we consider three mechanisms which may explain this, summarised
in Figure 9. Briefly, these mechanisms are; 1) Catalytic spill-over, 2) Activation of the CGO surface by
incorporation of transition metals and 3) cleaning of the CGO surface by the dissolution of impurities

into the LSCF.

Catalytic spill-over is a process by which an active species, such as dissociated oxygen, is
formed on one surface is transported to an adjacent surface which does not form that species *’. For
example, if the dissociation of oxygen is relatively fast on the LSCF surface, but incorporation there is
slow, the activated oxygen may diffuse across the surface to the CGO where incorporation is
relatively fast and dissociation is the rate limiting step. This has also been proposed as the active
mechanism for surface exchange in YSZ-LSM composites *>. We may also extend the spill-over

mechanism to include sub-surface transfer of **0 which has been incorporated on the LSCF into the
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CGO. Such a mechanism may be consistent with the more homogeneous isotopic fraction seen for
the composite exchanged at 500°C, but may not explain the increased surface isotopic fraction in the

CGO grains of the composite exchanged at 700°C.

(1) Catalytic Spill-over

%

Rapid Adsorption /
Dissociation on LSCF surface Diffusion
v

LSICIF CGO

(3) Surface Cleaning

%o ®o

Incorporation Adsorption

Incorporation Blocking layer of
X impurities

ESEE CGO

(2) Activation of CGO surface by transition

metals
Dissociation /
Adsorption on CGO
'e. Incorporation

Transition metal

LSCF CGO doped CGO surface

®e

Incorporation

Adsorption / l
dissociation
@0
ESGE

Impurities Dissolved
in LSCF

- e e e e e e ik e -

Figure 9 Schematic of possible mechanisms for surface exchange enhancement for CGO grains in composite

The second possibility to consider is that the transition metal cations could diffuse to the
surfaces of the CGO, which may make the surface of the CGO catalytically active towards oxygen
incorporation. In the present composites, SIMS mapping of transition metal related species (Figure
8) did not suggest any inter-diffusion of these cations into the CGO, and the concentration of
transition metals at the surface measured by LEIS (Figure 6) seemed to follow the same trend as in
the single phase LSCF. It is also worth noting that although in *, treatment of CGO surfaces with
transition metal nitrates, which were subsequently decomposed to the oxides, gave a factor of 15-20
enhancement, the greatest enhancement was actually seen for the lanthanum and strontium nitrate
treatments. Therefore, there does not seem to be much evidence to support this explanation for the

observed enhancement.

Previous studies of the fluorite structured oxides by LEIS and ToF-SIMS indicated that there

is a strong tendency for impurities such as sodium, silicon and calcium to segregate from the oxide

42, 43, 45, 48

bulk to the surface . Furthermore, these impurities form a layer which blocks surface
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exchange *, and removal of this layer leads to an increase in surface exchange coefficient. Given the
solubility of the typically observed impurities (Na, Si and Ca) in the perovskite structure, and the fact
that these weren’t observed in the outer surface of the composite (Figure 7), we believe that the
LSCF has dissolved these impurities from the CGO surface, leaving a bare “intrinsic” CGO surface,

with a high surface exchange coefficient.

We note that mechanisms (1) and (3) are by no means mutually exclusive. Since the
impurities can block oxygen incorporation, it is likely that a “clean” CGO surface would also
necessary for a catalytic spill-over to occur. Although further studies are warranted, e.g. using
different grain sizes to change the surface diffusion lengths which may control these processes, we
believe that mechanisms (1) and (3), or a combination of the two are more supported by the present
data. We do not find any evidence to support mechanism (2), activation of the CGO surface by

incorporation of transition metal cations.

Conclusions

We present results of an 20 isotope exchange-SIMS study combined with surface compositional
analysis by the emerging technique of Low Energy lon Scattering (LEIS) spectrometry. Isotope
exchanges were conducted at two temperatures, 500 °C and 700 °C with subsequent analysis by ToF-
SIMS, and the oxygen exchange behaviour interpreted with consideration of differences in surface

composition between the single-phase end members and the composites.

It was found that for the exchange at 500 °C, the surface 20 isotope fractions at the surface
of the composite were homogeneous across both phases, even though the surface isotopic fractions
of single phase materials exchanged at the same time showed very different values,. A feature in the
0 isotopic fraction was evident near the surface, which may be due to predominant 20

incorporation into the LSCF, some of which is subsequently transferred into the CGO phase.

At 700 °C, the "0 isotopic fraction, and apparent surface exchange coefficient, was higher
for the CGO phase in the composite than for the LSCF. Several mechanisms were considered for this,
in light of surface compositional analysis by LEIS and ToF-SIMS, and we believe that a combination of

a catalytic spill-over and surface cleaning mechanism may be responsible for such enhancement.
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