INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (QOT7> I203—I21I1

journal homepage: www.elsevier.com/locate/he

Available online at www.sciencedirect.com

ScienceDirect

International Journal of

A 2D and 3D X-ray p-diffraction and p-fluorescence @CmssMark
study of a mixed ionic electronic conductor

Dario Ferreira Sanchez ", Daniel Grolimund ¢, Maxime Hubert "<,
Pierre Bleuet *¢, Jérome Laurencin >¢

& Swiss Light Source, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

® Univ. Grenoble Alpes, F-38000 Grenoble, France

¢ CEA/Liten, MINATEC Campus, 17 rue des Martyrs, 38054 Grenoble Cedex 9, France
4 CEA/LETI, MINATEC Campus, F-38054 Grenoble, France

ARTICLE INFO

Article history:

Received 14 July 2016

Received in revised form

31 October 2016

Accepted 13 November 2016
Available online 6 December 2016

Keywords:

Solid oxide fuel cell

X-ray diffraction tomography
X-ray fluorescence tomography
X-ray micro beam

ABSTRACT

Due to the mixed ionic electronic conductive properties of the Lanthanum Strontium Co-
balt Ferrite (LSCF) LageSro4Cog2Fe 03 5 compound, it is of great scientific and techno-
logical interest. Especially in the Solid Oxide Fuel Cell (SOFC) technology, this compound
has receiving great attention as a cathode material. However, its chemical reactivity with
the Yttria-stabilized Zirconia (YSZ) electrolyte still remains one of the main challenges,
which demands a comprehension in the pm and sub-pm range. In order to address the
reactivity issues locally in the micrometre scale range, 2D and 3D X-ray p-diffraction and p-
fluorescence analysis have been performed on a pristine LSCF cathode layer. The cathode
was deposited on a dense YSZ electrolyte substrate spaced by a thin Gadolinium doped
Ceria Oxide (CGO) barrier layer in between LSCF and YSZ to limit the reactivity. The present
approach offers a larger field of view in comparison to electron microscopy techniques. The
method can provide a more representative information and may offer some insights on the
reactivity distribution along the interfaces. The formation of micro SrZrO; inclusions in
LSCF layer is then indubitably identified, as well as in the CGO/YSZ interface.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

cell materials can lead to detrimental chemical reactions. The
understanding of these phenomena is essential to design
innovative solutions such as new alternative materials, and

Solid Oxide Fuel Cells (SOFCs) are of great technological in-
terest owing to their efficiency in converting a wide variety of
hydrocarbon fuels and hydrogen to electricity, this route being
of higher efficiency and more environmentally benign than a
combustion process. There are several challenges involved in
the development of this technology. The combination of high
operating temperatures and mismatch between the thermal
expansion coefficients of the cell components can induce re-
sidual stresses. Besides, species interdiffusion between the

* Corresponding author.

overcome the SOFC technology challenges by extending de-
vices lifetime and reliability. In this context, the development
of standard methodologies to investigate the SOFCs local
structure and chemical/elemental composition in the micro-
metre range is critical.

To address these SOFCs issues, X-ray imaging techniques
have been demonstrated by several authors to be among the
most suitable ones. Among their advantages, it can be
mentioned (i) the potential to perform in situ experiments [40];
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(ii) the resolution that can be achieved down to the tens of
nanometres [8,38]; (iii) the capability to probe about tens of
micrometres within the matter and (iv) the ability to get depth
resolved crystalline contrast by analysing the X-ray diffraction
(XRD) [37] and chemical—elemental contrast by analysing the X-
ray fluorescence (XRF) [4]. A great number of X-ray imaging
techniques have been developed and applied in the last recent
years, which can be divided basically in two different categories:
full-field and scanning (in pm, sub-pym and nm scale). Among
the main advantages of the full-field techniques, it can be
highlighted the capability to perform high speed 3D measure-
ments. However, X-ray scanning techniques may be of great
interest for the relatively reduced analysis complexity and the
capability to perform multimodal analysis, e.g. simultaneous
XRD and XRF analysis. Several examples of successful applica-
tions of the combination of p-XRD and p-XRF tomography can be
found in the literature [1—4,28]. This combination is of partic-
ularinterest for the investigation of SOFCs, since the correlation
between the chemical—elemental spatial distribution and the
crystalline structure is crucial for understanding the mecha-
nisms and properties evolved in the SOFCs operation.

In the real SOFCs systems, processes at the cathode-
metallic interconnect interface, such as chromium
poisoning, are major contributors to the overall cell degrada-
tion [13,20,30,48]. Here, we focused on the intrinsic degrada-
tion mechanisms of a particular cathode: the Lanthanum
Strontium Cobalt Ferrite (LSCF). In the current state of the art
in SOFC science and technology, Lanthanum Strontium Cobalt
(LSC) oxide and LSCF oxide cathodes are been preferable over
the standard/largely employed Lanthanum Strontium
Manganite (LSM) with Yttria Stabilized Zirconia (YSZ), LSM/
YSZ. Both LSCF and LSC materials presents much higher
electrochemical performances than the classical LSM/YSZ
composite. Indeed LSC and LSCF exhibit a mixed ionic elec-
tronic conductivity (MIEC), so that the oxygen reduction takes
on all the surface area of the electrodes [26]; whereas the
electrochemical reactions are restricted to the LSM/YSZ/pore
triple phase boundary (TPB) lengths. However, the chemical
instability of LSC and LSCF may limit their working time
[9,11,12,15,29,35,48]. Their high reactivity with the YSZ elec-
trolyte may lead to the formation of secondary oxides phases,
such as SrZrO; and/or La,Zr,0,, which decreases the device's
performance due to the lower ionic conductivity and higher
mismatch of thermal expansion coefficient (TEC) with respect
to the LSCF surrounding components [6,17,27,43,49]. In order
to prevent the reactivity with YSZ electrolyte to form unde-
sired secondary phases, a gadolinium-doped ceria oxide (CGO)
diffusion barrier is commonly used as an interlayer in be-
tween LSCF and YSZ [21,22,31,32,45]. CGO exhibits purely an
ionic conductivity. Also, it exhibits a higher oxygen ionic
conductivity at low temperatures and a better chemical
compatibility with the electrode materials [14,19,47].

Moreover, TEC mismatches between LSCF and YSZ can
cause stress which could lead to a fracture (TEC of
Lag STo 4Feq sC00203_;5 is equal to =17.5 x 107° K~ whereas
the one for Zirconia stabilised with 8 mol% of yttrium oxide
(8YSZ) is =10.5 x 107° K~1). Manufacturing processes and
several thermal cycles in operation can also lead to the elec-
trode mechanical degradation [25]. To minimize this problem,
a composite made of LSCF and CGO was proposed.

In the in the pm and sub-pm scale range, the correlation
between the Sr diffusion and the formation of the crystalline
phase SrZrOs; due to degradation processes have been re-
ported in the literature only based on the identification of Sr
element spatial distribution, detected by means of XRF, energy
dispersive X-ray spectroscopy (EDX) and high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) [7,21,31,36,46]. However, from our best
knowledge, no direct crystalline identification by using a
diffraction technique has been reported for SOFCs. The for-
mation of the SrZrOs; crystalline phase has been only identi-
fied in powder mixtures (macroscopical analysis) of
LSM + YSZ and LSCF + YSZ, through the utilization of X-ray
diffractograms in Refs. [6,32]. Here, in order to address these
reactivity issues locally in the micrometre scale range, a 2D
and 3D X-ray p-diffraction and p-fluorescence study has been
performed on a pristine LSCF cathode layer. The cathode was
deposited on a thin Gadolinium doped Ceria Oxide (CGO) layer
which is on a dense YSZ electrolyte substrate. Particularly, in
comparison with electron microscopy techniques the present
approach offer a larger field of view, which can provide a more
representative information and some insights on the distri-
bution of reactivity along the interfaces. The formation of
micro SrZrO; inclusions in LSCF layer is then indubitably
identified, as well as in the CGO/YSZ interface.

Experimental

The sample is a 23 pm thick electrode layer of a commercial
Lag 6S10.4C00 2Fe0 803_5 (LSCF) single phase electrode, depos-
ited on a 2 pm thin protective interlayer of gadolinium doped
ceria Gdg 1Cep 9025 (CGO), which limits the reactivity of LSCF
with the dense 8YSZ electrolyte substrate. Since the sample is
constituted by relatively heavy elements, e.g. Y and Zr, with a
high mass density, the X-ray attenuation length is of only
about several tens of micrometres considering the photons
energy used in the present work. For this reason, in order to
obtain a sample with a lateral size of about 40 pm, the sample
was prepared through the standard Focused Ion Beam (FIB)
lift-out technique [5,39], with plasma FIB using Xe* ions. This
process allows to obtain a sample with an axisymmetric ge-
ometry suitable for the X-ray tomography experiments. The
sample was fixed on an aluminium tip, to be later mounted on
a rotational stage for performing the tomography experi-
ments. A scanning electron microscopy (SEM) image in back-
scattering (BS) mode of the final sample is shown in Fig. 1,
where the LSCF and CGO layers and the dense 8YSZ substrate
are indicated. The Pt layer is deposited on the surface of the
sample before the Xe* etching procedure in order to protect
from sputtering the original features of LSCF.

The simultaneously p-beam diffraction (uXRD) and fluo-
rescence (pXRF) experiments (tomography and 2D-raster scan)
were carried out at the microXAS beamline at the Swiss Light
Source (SLS) synchrotron. The incident pencil beam was
focused with a Kirkpatrick—Baez (KB) mirror system to a size
of about 1.5 x 1.0 (H x V) um?, with the energy of 17.3 keV. The
diffraction pattern of a standard polycrystalline sample of
Al,05; was used to calibrate the PILATUS 100K detector posi-
tion with respect to the sample. The measured diffraction
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Fig. 1 — Scanning electron microscopy (SEM) image of the
investigated sample in this work, in backscattering (BS)
mode. The two analysed slice through the tomography
experiments are indicated (yellow circles), as well as the
8YSZ/CGO/LSCF interfaces region which is later analysed
in more details (red rectangle). In detail in the top right, the
sample coordinates referred in this article: the sample high
Y direction and sample X and Z lateral directions. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)

patterns images in the LSCF region resulted in powder rings
data, which were then azimuthal by using the software
XRDUA [34]. To calibrate sample-detector relative position
with respect to the incoming p-beam direction, the XRD
pattern of a well characterised crystalline material of Al,0;
was used. In addition, a 2D scanning pXRF experiment was
performed with slightly different experimental conditions,
that is to say by focussing the beam down to about 1 x 1 pm?,
with the energy of 18.15 keV (above the Zr absorption edge).
The free available software PyYMCA developed at the European
Synchrotron Radiation Facility [42], was used for the XRF
analysis, which allows interactive and as well as batch pro-
cessing of large data sets.

Results and discussions

Two-dimensional p-beam sample scanning experiments were
performed, with the positions recorded by steps in both the
horizontal and vertical directions of 1 by 1 pm, covering an
area of 70 x 41 pm?. Both the XRD patterns and XRF spectra
were recorded at each position at 17.3 keV, and the XRF
spectra only at 18.15 keV. The chemical—elemental cartogra-
phies of Zr, Y, La, Sr, Gd, Co, Ce and Pt obtained from the pXRF
experiment at 18.15 keV are shown in Fig. 2a—c, respectively.

The powder-XRD pattern shown in Fig. 3 is an average
pattern over the whole 2D scanned area, which includes not
only the LSCF region, but also the Pt and CGO layers, and the
8YSZ substrate. In this pattern, six selected diffracted in-
tensities at a given diffracted angle are indicated, which are

Sample Y position (um)

(*n -e) Aysudju| JYX pazijewioN

10 20 30 40 50 60 70
Sample X position (um)

Fig. 2 — (a—c) The chemical-elemental cartographies of La,
Pt, Gd, Ce, Zr, Sr, Y and Co obtained from PyMCA analysis
of the XRF spectra measured at 18.15 keV. The location of
the two slices scanned tomographically, slicel and slice2,
are indicated in (a).

called: CGO (reflection (111) of CGO); LSCF (reflections (110)
and (104) of LSCF); YSZ (reflection (220) of cubic YSZ and re-
flections (002) and (112) of tetragonal YSZ); SrZrO; (reflection
(121) of SrZrOs); LSCF” and LSCF” (reflections (410), (324), (318)
and (1 1 12) of LSCF) — LSCF” corresponding the lower angle
diffraction tail peak and LSCF” corresponding central part of
the peak.

In Fig. 4a—d, the XRD cartographies are shown, where each
image corresponds to four of these diffracted intensity posi-
tions: LSCF/, SrZrOs, LSCF” and LSCF".

The tomography experiments were carried out by
recording simultaneously both the XRD patterns and XRF
spectra at 70 sample positions in the X direction, in steps of
1 pm, and at 180 sample orientations equally spaced by 2°. As
depicted in Fig. 1, two slices were scanned in the LSCF region,
parallel to the LSCF/CGO interface: one slice of about 2—3 um
above the LSCF/CGO interface, and a second one spaced by
10 um with respect to the first one. It can be noticed that
second slice is located in the central part of the LSCF layer. The
two slices are referred in this work as slicel and slice2,
respectively, and their locations are indicated in Figs. 1 and 2a.

For each XRF intensity, a sinogram is built. About 1600
sinograms are then acquired for each XRF intensity in the
range of about from 2 to 18 keV. More details of the technique
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Fig. 3 — Average powder-XRD pattern (black line) over the whole 2D scanned area (LSCF, CGO, 8YSZ and Pt layers), as well as
the fitted patterns of the individual phases, namely the SrZrO,, Pt, CGO, LSCF and YSZ. Also, some regions of interest are
marked (named CGO, LSCF’, YSZ, SrZrO5;, LSCF” and LSCF”), which are later discussed in Fig. 4.

Sample Y position (um)

10 20 30 40 50 60 70 10 20 30 40 50 €0 70 10 20 30 40 50
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e
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Fig. 4 — (a—b) XRD cartographies obtained from the region of interest LSCF’, SrZrO3, LSCF” and LSCF"; each one corresponds
to a given diffracted intensity at a corresponding diffracted angle which are respectively indicated with a dashed grey line in
Fig. 3. XRD tomographic reconstructions for the layers slicel (i—1) and slice2 (e—h) are shown, also for LSCF’, SrZrOs, LSCF” and

LSCF”.

can be found elsewhere [1,4]. Using these calculated sino-
grams, a simultaneous inverse Radon transform (SIRT) algo-
rithm is applied. In this method, a reverse analysis [4] is
carried out to recover both the local crystalline phase with the
XRD sinograms and the local chemical—elemental composi-
tion with the XRF sinograms distributions. It is worth to note
that both signals are two-dimensional depth-resolved. In this
way, for each voxel related to a 3D spatial sample position,

both the local powder-XRD pattern and local XRF spectrum
are obtained. In Fig. 3e—l, XRD tomographic reconstructions
for slicel (i-1) and slice2 (e-h) are shown, with each image cor-
responding to a given diffracted intensity for a respective
diffraction angle, as indicated in Fig. 3m.

A lattice parameter difference is observed between two
LSCF regions of the two slices: one close to the outer edge the
sample and the other one in the inner part of the LSCF
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electrode. This can be observed through a qualitative com-
parison of the two tomographic results by inspecting and
comparing Fig. 4g and k with h and 1. One can note that the
annular region affected by the sample free surface is around
3—5 pm thick. Rietveld refinements were performed on these
two different regions, the one close to the surface (“slice-out”)
and the one in the core (“slice-in”). For both tomographic slices
results, slicel and slice2, an average of the diffraction pattern
was considered as follows: for slice-out, a surface layer of 5 um
thick was considered, and for slice-in, the core of the cylin-
drical sample about 5 um far from the sample surface was
considered. The perovskite LaggSro4C0o.Fe0g03 structure
(ICSD database code number 187793) was identified and
refined for both slices slicel and slice2; in total, four different
regions were analysed: slicel+slice-in, slicel+slice-out, sli-
ce2+slice-in and slice2+slice-out. The results for the lattice pa-
rameters and unit cell volumes are plotted in Fig. Sb—d. A
bigger unit cell volume is observed for slice-out, for both slices.
This result confirms the qualitative observations of the XRD
cartographies (Fig. 4g and k with h and 1). This phenomenon
could be due to either sample preparation and/or stress
relaxation on the free surface.

Average diffraction patterns over line scans parallel to the
internal sample interfaces were considered, which are shown
in Fig. 5a. Rietveld analysis has also been performed on the
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XRD patterns obtained through the 2D raster scan. The results
for the LSCF lattice parameters and unit cell volumes coming
from the Rietveld analysis of the XRD patterns shown in Fig. 5a
are also plotted in Fig. 5b—d. Small variations in the unit cell
volume is observed, with a bigger volume observed close to
the LSCF/Pt interface; which may be associated with small
differences in particle sizes [16], and/or small differences in
stoichiometry and oxidation state [10,41,44].

Similarly to the XRD analysis shown in Fig. 5a—d, a XRF
analysis was also performed for the experiment at 18.15 keV.
The XRF cartographies were also averaged over lines scans
parallel to the LSCF/CGO interface. The integrated intensity is
plotted in Fig. Se as a function of the Y axis (see system of
coordinates in Fig. 1). Each averaged line scan, shown in
Fig. 5e, was analysed using PyMCA, and the isolated elements
XRF intensities were deconvolved. The XRF intensity profiles
of some selected elements are plotted in Fig. 5f—h.

Through both the 2D scanning projections, a few small
crystalline inclusions into the LSCF layer are found, which can
be seen by inspecting some selected Bragg reflections, as
shown in Fig. 4b. The inclusions are evidenced by observing
Fig. 4f and j, obtained through pXRD tomography, since this
method allows to deconvolve the spatially resolved powder
XRD pattern; analysing these obtained local pattern, a good
matching for the crystalline structure of these inclusions is

Energy (keV)
('n "e) Aysusjul 44X Jo 6o

XRF Intensity (a. u.)

Zri
S

(h)| [8F

10 15 20 25
Sample Y Position (um)

Fig. 5 — (a) Average diffraction patterns over line scans parallel to the internal sample interfaces. The results for the (b—c)
lattice parameters and (d) unit cell volumes at sample depths. (e) Average XRF intensity over line scans parallel to the
internal sample interfaces. (f-h) The XRF intensity profiles of some selected elements.
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Intensity (a. u.)
S —

[

26 (deg.)

Slice 2, SrZrO,

Fig. 6 — (a) Comparison between powder-XRD patterns: two experimental ones obtained from the slice2 reconstructed slice
(in the inclusion in black, and out of SrZrO; in red), and, calculated ones of SrZrO; (in magenta) and LSCF (in blue). (b) Same
image shown in Fig. 3f; in detail, the regions where the two experimental XRD patterns were averaged. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

obtained by considering the perovskite SrZrOs; structure (ICSD
database code number 29153). In Fig. 6a, two experimental
XRD patterns obtained from the reconstructed slice2 are
compared, both averaged over 10 voxels; one is averaged over
the region corresponding to a SrZrOs inclusion, and the other
one is over a corresponding region without any SrZrOj; signal.
These two regions are respectively indicated in Fig. 6b, which
is a reconstruction corresponding to the (121) reflection of
SrZrOs. In Fig. 6a, the presence of the oxide SrZrOs; is evi-
denced by comparing the two experimental powder-XRD
patterns with the calculated ones of SrZrO; and LSCF. The
same matchingis obtained for the inclusions observed in both
the slicel and 2D scanning results.

The SrZrO; compound is one of the phases that are ex-
pected to be formed after a long term cell operation [33] (the
CGO barrier interlayer limits but does not totally prevents the
Zr or Sr diffusion). Significant Sr diffusion from LSCF to the
CGO/YSZ interface [17,23] may form SrZrO; also at the CGO/
YSZ interface. In order to examine this phenomenon, two-
dimensional XRD cartographies of the different diffracted

Sample Y position (um)

10 20 30 40

10 20 30 40
Sample X position (um)

angle intensities related to CGO, SrZrO; and YSZ have been
analysed around the region of the LSCF/CGO and CGO/YSZ
interfaces (Fig. 7a—c, respectively). It is important to point out
that the measured two-dimensional XRD patterns of the YSZ
electrolyte did not result in powder-XRD like patterns; the
corresponding scanned YSZ area present grain sizes of about a
few microns in size. For this reason a precise phase identifi-
cation of this phase is difficult. Nevertheless, the formation of
SrZrO3 is clearly identified on Fig. 7b in the region of the CGO
barrier layer.

In Fig. 8a is shown a magnified SEM image (backscattered
electrons detected) of the LSCF/CGO (2 pm thick)/YSZ in-
terfaces region, where, in addition to these layers which can
be easily identified in this figure, also another layer can be
resolved, with a slightly higher electron scattering signal in
comparison with YSZ. A good matching of the spatial location
of this extra identified layer is observed when compared to the
so called “YSZ” intensity profile, shown in Fig. 8b, which may
indicate a formation of a (YSZ); x(CeO,)x system in between
the 8YSZ and CGO. We suspect that diffusion of CeO, may

('n "e) Ajisuaju| pajoelyiq pazijewioN

10 20 30 40

Fig. 7 — (a—c) XRD cartographies obtained from different diffracted angle intensities are plotted, which are indicated in the

diffractogram in Fig. 3 as CGO, SrZrO; and YSZ, respectively.
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Fig. 8 — (a) SEM image of the indicated area with the red rectangle in Fig. 1; the scale bar is 2 um. (b) Average intensity profiles
along the LSCF/CGO/YSZ interfaces region for CGO, SrZrO; and YSZ taken from Fig. 7a—c, and (c) the XRF intensity profiles of
some selected elements also along the LSCF/CGO/YSZ interfaces region.

occur during the sintering process and may lead to a the
expansion of the YSZ unit cell volume by forming the (YSZ),.
x(Ce0,)x system, which can assume the cubic, tetragonal or
monoclinic crystalline phases [18,24]. Further investigations
are needed for a precisely phase identification; especially
because such phase transformation may affect the YSZ ionic
conductivity and undermine the SOFC properties and lifetime.

Also, by inspecting the XRF signal of the four LSCF ele-
ments (shown in Fig. 8c), Fe, Co, Sr and La, a shift of the Sr edge
towards the CGO layer is observed by comparing to the other
three selected LSCF elements. In addition to this information,
the (121) SrZrO; peak position is observed to be in between of
the CGO and YSZ positions, as shown in Figs. 7a—c and 8b,
which indicates the formation of the SrZrO; oxide in the CGO/
YSZ interface.

Conclusions

The SrZrO; compound is one of the phases which are expected
to be formed after the long term cell operation. Nevertheless,
it is important to check if the phase can be detected in the
pristine cell, since this phase is also likable to appear during
the electrode sintering. In this work we demonstrate the
capability 2D and 3D pbeam X-ray analysis, namely pXRD and
uXREF, to investigate minor nano-crystalline phase inclusions,
in the micrometre range, inside of a homogeneous nano-
crystaline sample with tens of micrometres in size. In the
present study, the technique has been used to detect the
SrZrO; oxide as the crystalline inhomogeneity, and LSCF as
the homogeneous material. It is important to point out that
the detected 2D diffraction pattern of both of these com-
pounds were identified as powder-like diffraction patterns;
considering that the used beam spot size was of about 1 um? of
cross section, the grains of both of these compounds present
less than 100 nm in size. This characteristic allowed to retrieve
the local azimuthal integrated diffraction powder diffraction
pattern through the tomographic reconstructions. Due to the
mixed powder and monocrystalline diffraction patterns, in
the YSZ/CGO interface region, the precise identification of the

local YSZ phase transformations and also of minor nano-
crystalline phases is more difficult. In this case, a combina-
tion of powder uXRD and white beam pLaue [37] tomographies
could provide a more complete picture of the local micro-
structure. Even though, thanks to the combined pXRD and
uXRF analysis, the SrZrO; formation was identified in the YSZ/
CGO interface. The present results open new perspectives in
SOFC investigations, such as the investigation of real SOFCs
submitted at different long term ageing processes, and
correlate their micro-structural properties with different
synthesis parameters.
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