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SrTi;_xFexOsz_; (STF) is a promising fuel electrode into which reducible cations can be substituted to yield
exsolution of catalytically active nanoparticles, improving performance. Since prior studies have focused
on STF with Fe content x = 0.7, questions remain as to whether other compositions provide better
stability and performance over a range of fuel compositions. The present study examines a wider
composition range from x = 0.5 to 0.8 at 850 °C. Furthermore, phase evolution during exposure to
varying Hy/H,O is observed in situ using X-ray diffraction and correlated directly with impedance
spectroscopy observations of electrochemical characteristics and stability. Al STF compositions
exhibited good phase and polarization resistance stability in the perovskite structure for a pu,/p,o ratio
of 1. However, decomposition occurred in more reducing fuels (pn,/pr,0 = 10), into Ruddlesden—
Popper (R—P) perovskite, strontium oxide, and metallic Fe, after an incubation time of ~2-4 h, the same

time frame over which polarization resistance increased rapidly. That is, the results show a clear
Received 7th December 2024 lati bet h d it 4 id electrochemical d dati Th It t
Accepted 27th March 2025 correlation between phase decomposition and rapid electrochemical degradation. The results sugges
that the R—P transformed oxide was less electrochemically active despite the presence of exsolved Fe.

DOI: 10.1039/d4ta08700c Decreasing the Fe content x resulted in slower and reduced decomposition, but slightly higher initial
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Introduction

New and improved electrode materials are of interest for a next
generation of solid oxide cells (SOCs) aiming to achieve
improved performance, better long-term stability, and the
ability to operate over a wide range of conditions." One area of
active interest is the use of Mixed Ionic and Electronic Con-
ducting (MIEC) oxide fuel electrodes to avoid the drawbacks of
Ni cermet electrodes.* Many prospective MIEC electrode mate-
rials possess the ABO; perovskite crystal structure>® and, as
such, they lack a metallic catalyst that can help promote the
overall hydrogen oxidation or steam reduction processes. Thus,
perovskite electrode characteristics are often improved by the
addition of catalyst nanoparticles, either via infiltration or
a process called exsolution. In exsolution, the oxide of a cata-
lytically active transition metal is dissolved in a host metal oxide
lattice and then is preferentially reduced;’ the resulting metallic
nanoparticles are well-dispersed and exhibit good stability
against coarsening due to their characteristic “socketing” in the
host lattice surface.® As shown previously, exsolution can
substantially reduce fuel electrode polarization resistance,”*
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likely by promoting hydrogen dissociation.*® Exsolution has
been applied in a range of applications such as methane
reforming, power generation from ammonia, and solid state
protonic devices.**

The present study focuses on the phase evolution during the
active exsolution process for the case of a SOC fuel electrode.
Ideally, exsolution should be a self-limiting process where, after
the reducible cation(s) have been reduced to metal nano-
particles decorating the oxide surface, the remaining oxide
phase remains stable. However, exsolution of B-site cations may
leave the host lattice in an A-site enriched state (depending on
initial stoichiometry). This, along with the reduction in oxygen
content upon exposure to a reducing gas ambient, can affect the
perovskite phase stability. Exsolution in some systems has been
shown to yield a phase transformation from the ABO; perov-
skite phase to an A,;B,0;,.1 Ruddlesden-Popper (R-P)
perovskite,”** but the effect of this phase transformation on
electrode performance is generally not distinguished from the
effects of exsolution. It is not known if the R-P phase corre-
sponding to a given perovskite has MIEC properties that make it
an inferior electrode, or if volume changes associated with the
transformation may degrade the electrode. Thus, it is important
to know whether the perovskite structure of an electrode
material is stable during exsolution and, failing that, if the R-P
phase is stable and provides desirable performance.
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In this study, we focus on the phase changes that occur upon
reduction of the perovskite fuel electrode Fe-substituted stron-
tium titanate (SrTi;_,Fe,O;_ 5 STF), which has been applied
successfully as a SOC fuel electrode.**>* STF is often substituted
with Ni or Ru to promote Ni-Fe or Ru-Fe nanoparticle exsolu-
tion and thereby improve fuel electrode performance.***¢ In
these cases, the driving force for exsolution should be far
greater than that of any decomposition process to ensure stable
electrode performance. However, the present study aims to
determine the stability of the base oxide STF; note that Fe
exsolution has been observed from STF.?” Since exsolution of
cations such as Ni and Ru is generally nearly complete, leaving
the oxide as essentially pure STF, the results of this study are
relevant not only to STF but also STF substituted with other
exsolving cations. Most work to date on STF-based fuel elec-
trodes has been for the x = 0.7 composition, so little is known
about the stability and performance of other compositions. The
present study expands the range of SrTi; ,Fe, Oz s, to include x
= 0.5 (STF-5), x = 0.6 (STF-6), x = 0.7 (STF-7), and x = 0.8 (STF-
8). Prior work on these compositions has shown that both STF-5
and STF-8 decompose at 850 °C under highly reducing condi-
tions with STF-8 having also been shown to decompose at 700 ©
C, albeit more slowly.”” The aim is to determine the thermody-
namic stability of each composition in a range of fuel compo-
sitions, to observe phase transformations, and to correlate these
results with the material's electrochemical performance. To
ensure that sluggish kinetics do prevent characterization of
phase transformations, all experiments take place at 850 °C.
Both ex situ and in situ X-ray diffraction (XRD) are used to
examine bulk structural changes and scanning-transmission
electron microscopy (STEM) is used in conjunction with
energy dispersive X-ray spectroscopy (EDS) to determine
morphological and compositional changes. The performance of
STF fuel electrodes is examined using symmetric cells.

Experimental
Materials synthesis and sample fabrication

SITi;_,Fe,0,_s with x = 0.5 (STF-5), x = 0.6 (STF-6), x = 0.7 (STF-
7), and x = 0.8 (STF-8) powders were synthesized from stoichio-
metric ratios of SrCO; (Sigma Aldrich, 99.9%), TiO, (Alfa Aesar,
99.9%), and Fe,O; (Alfa Aesar, 99.8%), as discussed elsewhere.”
The powders were ball milled in ethanol on a roller mill using
spherical zirconia ball milling media for 24 hours prior to sin-
tering at 1100 °C for 10 hours. After sintering, the STF powder was
once again ball milled for 24 hours in ethanol. For cell testing,
STF and GDC powders were suspended in a binder (V-737, Her-
aeus) with a 1:1.2 powder: binder weight ratio. GDC ink was
screen printed onto commercial SSZ substrates (Hionic 2.0,
FuelCellMaterials) as a reaction barrier between SSZ and STF and
fired at 1400 °C for 2 hours. Prepared STF inks were then printed
onto the GDC barrier layer and fired at 1050 °C for 4 hours.
Finally, gold current collection grids (Au-I ink, FuelCellMaterials)
were screen printed onto STF electrodes. For all reductions,
samples were heated in air, followed by 30 minutes in inert gases
(Ar, N,) prior to reduction. Unless otherwise specified, a nominal
gas flow rate of 100 sccm was utilized.
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Materials characterization

STF powders were characterized using ex situ powder XRD
analysis (Rigaku Smartlab and Scintag XDS-2000) and in situ
powder XRD analysis (Rigaku Smartlab Gen2 with Anton Paar
Reaction Chamber XRK 900) using Cu Ka radiation. Ex situ
measurements were done during 4 h furnace treatments at
850 °C in 50% H,-50% H,0, 91% H,-9% H,0, and 97% H,-
3% H,O0 gas mixtures that are typically present at various
points in operating SOC stacks. For in situ powder XRD anal-
ysis, a scan speed of 5° min~* was utilized, allowing for 13.25
scans of from 28-48° 2f/hour accounting for instrument
resetting. This is as close to continuous measurements as was
reasonably achievable while maintaining the needed 26 reso-
lution. By ensuring a scan rate with full measurements lasting
less than 5 minutes, XRD patterns could be considered rela-
tively stationary, with higher 26 values being unaffected by
phase changes occurring as the X-ray detector measured
signals in intermediate 26 ranges. Dilute H,/H,O mixtures,
used instead of pure H,/H,O due to in situ instrument
constraints, were created by mixing 3% H, in N, and 3% H,0
in N, at a nominal total flow rate of 400 sccm. Note that the
effective oxygen partial pressure in the fuel depends only on
the H,/H,O partial pressure ratio, so the dilute mixtures are
effectively identical to pure gases for the present equilibrium
measurements. Thus, the in situ gas compositions corre-
sponding to 50% H,-50% H,O was 97% N,-1.5% H,-1.5%
H,0 (po, = 1.3 x 10 '* atm), to 91% H,-9% H,0 was 97% N,-
2.7% H,-0.3% H,0 (po, = 1.3 x 10 >° atm), and to 97% H,-
3% H,0 was 97% N,-2.91% H,-0.09% H,0 (po, = 1.2 x 10~ !
atm). All peak identifications were performed using XRD
patterns obtained through the Materials Project.”® Powder
particles were imaged and compositionally mapped using
a HD2300 Dual EDS Scanning Transmission Electron Micro-
scope (Hitachi, Ltd).

EIS measurements were conducted using an Ivium Vertex
potentiostat in combination with a HIMUX multiplexer (Ivium
Technologies) in a frequency range from 0.1 to 10* Hz and an
excitation amplitude of 10 mV using a 4-point probe and
automatic current range determination. For fitting purposes,
only impedance data for f < 1 kHz were utilized as higher
frequency measurements were dominated by interference from
the potentiostat. Measured data was analyzed using an in-house
python batch-analysis script utilizing the impedance.py
package* and a complex nonlinear least squares solver.

Results and discussion

Results on the phase structure of different STF compositions in
different fuel compositions are presented first. The ex situ XRD
results provide an overview of the phases present. The in situ
XRD generally confirmed the validity of the ex situ measure-
ments, ie., the phases observed in situ at high temperatures
persisted upon cooling to room temperature prior to the ex situ
measurements. Of course, the in situ measurements allow for
real-time observation of the phase evolution. Transmission
electron microscopy (TEM) measurements are then presented

This journal is © The Royal Society of Chemistry 2025
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that show the morphology changes upon reduction and the
associated phase changes. Finally, electrochemical measure-
ment results are presented for cells maintained under the
different fuel compositions.

Ex situ X-ray diffraction measurements

XRD data was collected from STF powder reduced at 850 °C for
at least 4 h; the relatively high temperature was used to yield fast
transport kinetics such that the material is expected to
approach equilibrium. Reductions were done in 50% H,-50%
H,0, 91% H,-9% H,0, and 97% H,-3% H,O (corresponding to
Du,/Pu,o ratios = 1, 10, and 39, respectively). The results for STF-
7 are shown in Fig. 1. STF-7 prior to reduction showed only
perovskite peaks in the XRD scans for all STF compositions. The
same is true after reduction in the less reducing py /py,0 = 1
and py,/pu,o = 10 fuel compositions. Since the py /pyo = 1
condition is significantly less reducing than the other tested
conditions, we would expect slower kinetics for the develop-
ment of any side phases. Therefore, these reductions were
undertaken for 72 hours to ensure the perovskite is fully stable.
For py, /pu,0 = 39, Fig. 1 shows evidence that a Ruddlesden-
Popper (R-P) phase was present, even though the perovskite
and R-P peaks are partially overlapped. However, the presence
of an o-Fe phase could not be confirmed because the reflections
expected were mostly overlapped with R-P peaks; other
measurements showing the presence of Fe in this condition are
presented later. Ex situ X-ray results for other STF compositions
are similar®” and shown in Fig. S1 in the ESL{

In situ X-ray diffraction measurements

In situ XRD was carried out on STF-5 and STF-8 during reduction
in various gas compositions at 850 °C. The 26 range from 28-48°
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Fig.1 Exsitu XRD patterns of as-prepared STF-7 and after reduction in
different Hx/H,O ratios at 850 °C for 4 h.
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X-Ray Pattern for STF-5 at 850°C X-Ray Patter for STF-8 at 850°C
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Fig. 2 In situ XRD patterns of STF-5 and STF-8 in in py,/pr,0 = 1 at
850 °C. The heatmaps present 26 values along the x-axis, time in hours
along the y-axis, and intensity through a color gradient with increasing
intensity corresponding to a brighter pixel.

was chosen to allow for full characterization of the perovskite by
including its (110), (111), and (200) peaks.*® Crucially, the (111)
perovskite peak does not overlap with any R-P peaks.

Fig. 2 through Fig. 4 display heatmap representations of the
in situ XRD data from STF-5 and STF-8 with py /py,0 =1, 10, and
39. In py /pu,o ratios = 1, only the cubic perovskite peaks were
observed over 24 h, the (110) reflection at =32°, the (111) at
=39.5°, and the (200) at =46° (note that these peaks were
shifted relative to Fig. 1 due to the larger lattice spacings at the
higher measurement temperature). This shows that there was
no detectable new phase formation, consistent with the above
ex situ results for STF-7. In the more reducing py /pu,0 = 10 fuel
(Fig. 3) and most reducing py /pu,0 = 39 fuel gas conditions,
STF-5 and STF-8 decomposed into an R-P phase. However,
while STF-5 still has a significant perovskite phase fraction, as
seen through the presence of (111) peak intensity up through
24 h, the (111) peak intensity in STF-8 is mostly eliminated over
24 h, indicating complete decomposition of the perovskite.
Furthermore, for STF-8, the full decomposition of the perovskite
phase is indicated by the complete disappearance of the (110)
and (200) perovskite peaks and the appearance of R-P phase
peaks after ~2-3 h of reduction. Due to the overlap between the
R-P and a-Fe phase reflections, this data does not show whether
the o-Fe is present when the decomposition occurs.

Fig. 3 and 4 show that there is an incubation period of =2 h
preceding decomposition. The incubation period and degree
of decomposition can be quantified by tracking the change in

X-Ray Pattern for STF-5 at 850°C X-Ray Patten for STF-8 at 850°C
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Fig. 3
850 °C.

In situ XRD patterns for STF-5 and STF-8 in py,/pn,0 = 10 at
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Fig. 4 In situ XRD patterns for STF-5 and STF-8 in py,/py,0 = 39 at
850 °C.
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Fig. 5 Relative intensity of (111) perovskite peaks during powder
reduction in py,/pr,0 = 39 at 850 °C.

normalized relative intensity of the perovskite (111) peak at 26
=~ 40°, which does not overlap with an R-P peak, as shown in
Fig. 5 for py /pu,0 = 39. For other py /pyo ratios, refer to
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Fig. S3.T7 Table 1 summarizes the observed incubation periods
and the periods over which decomposition occurs (based the
period of most intense decrease in the strength of the (111)
perovskite peak). Increasing the Fe content in STF and
decreasing po, decreases both the incubation period and the
time to initial decomposition. Additionally, the material
decomposes more completely into the R-P phase for STF-8
than for STF-5, as shown through the appearance of an addi-
tional phase over 24 hours. This phase could not be definitively
identified, but evidence suggests it may be a rock salt SrO
phase. It is notable that the appearance of the a-Fe phase does
not precede the appearance of the R-P phase in any compo-
sition characterized here. However, the overlap between a-Fe
and R-P phase peaks makes it impossible to make a definitive
claim as to whether the appearance of the a-Fe and R-P phases
coincides, or whether the decomposition to the R-P phase
triggers the reduction of iron to a-Fe. The ex situ results in
Fig. 1 are generally consistent with the in situ reductions in
Fig. 2-4, where longer reductions generally led to more
complete conversion to R-P. Based on both in situ and ex situ
XRD patterns, it appears as though the incubation time and
subsequent transformation may be related to a gradual
decrease in the oxygen content during exposure to the
reducing fuel.

Note that monitoring the X-ray diffraction patterns of
powders during cooling has previously shown some structural
rearrangement from the R-P towards the perovskite phase when
cooling at a relatively slow rate (5 °C min™' or slower),
complicating the comparison between the ex situ XRD patterns
taken at room temperature and the in situ taken at high
temperature. This is shown for STF-8 after reduction in pure H,
in Fig. S2 in the ESL7

STEM-EDS observations

Scanning Transmission Electron Microscope — Energy Disper-
sive X-ray Spectroscopy (STEM-EDS) was used to composition-
ally map STF powders. This is particularly useful for observing
the Fe phase, which is obfuscated by overlaps with R-P peaks in
the above XRD. All powders used for these EDS measurements
had first been reduced while conducting in situ XRD measure-
ments. To ensure that phases present at room temperature
closely match the phases observed at operating conditions,
a further XRD scan was conducted at room temperature after
cooling at a nominal rate of 10 °C min . These scans show
good phase continuity before and after cooling. This means that
the particles shown below have bulk phase compositions as
shown in the in situ XRD heatmaps in Fig. 2-4.

Table 1 Approximate quantification of incubation period and decomposition duration for STF-5 and STF-8 in highly reducing environments

Incubation period

Decomposition duration

Incubation period Decomposition duration

Material sz/PHzO =10 (h) sz/szo =10 (h) PHz/szO =39 (h) PHz/szo =39 (h)
STF-5 2.2 2.6 1.4 2.6
STF-8 1.6 2.4 1.2 2.4
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Fig. 6 Images and EDS maps of Sr, Ti, and Fe taken from STF-8
powder reduced in py,/pr,0 = 1 for 24 hours at 850 °C. The left and
right sides show two different representative regions.

Fig. 6 shows that under the least reducing conditions tested
(Pu,/pPu,0 = 1), Sr, Ti, and Fe contents were homogeneous
throughout all particles for STF-8, apart from a few localized
regions with a higher Fe content. This agrees with the XRD data
in Fig. 2 showing no evidence of decomposition.

Fig. 7 shows images and EDS maps of two different regions
of STF-8 after reduction in py /py,0 = 39. Significant decom-
position is seen; some regions have decomposed into separate
pure Fe particles and Sr- and Ti-rich oxide particles only, but in
other regions an additional Sr-rich phase is observed. The EDS
spectrum for a representative SrO particle (Fig. 8) confirms that
these are essentially pure SrO, as no Fe or Ti can be detected.
Cu, C and Al peaks in the EDS spectrum are presumably from
the Cu/C TEM grid and the Al sample holder, respectively.

Fig. 9 shows images and EDS maps from STF-5 powder after
reduction in py/puo = 39. The results here appear to be
intermediate between Fig. 6 and 7, with considerable apparent
Fe exsolution but with some residual Fe remaining in the Sr and
Ti rich regions, suggesting that the original oxide remains
partially intact for this lower Fe content despite the highly
reducing conditions. Minimal SrO growths were present in
some areas, but less prevalent than in STF-8 (Fig. 7). One such
growth can be seen in the vertical, dendrite-like branch
emerging roughly from the middle of the particle agglomera-
tion in the right-hand electron micrograph. This branch-like
structure, similar to the far larger branches found in STF-8, is

Grey

141 Grey

om0 177 [STK]

500 nm

Fig. 7 EDS maps of STF-8 reduced in py,/pr,0 = 39 for 24 hours at
850 °C. The left and right sides show two different types of decom-
position that are typically observed. The left side shows a region that
has decomposed into separate Fe and Sr- and Ti-rich particles. The
right side shows a region with the same decomposition but with the
presence of an additional Sr-rich phase.
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Fig. 8 Image, EDS map, and EDS spectrum observed at a typical SrO
growth from STF-8 reduced in py,/pn,0 = 39 for 24 hours at 850 °C.
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Fig.9 EDS maps of STF-5 reduced in py,/pn,0 = 39 at 850 °C. The left
and right sides show two different representative regions.

fully devoid of Ti and Fe. The lower prevalence of SrO is
reasonable given that when the original perovskite decomposes
into Fe and oxide, a larger fraction of the B-site Ti remains that
can be mostly accommodated by changing to a Sr-rich R-P
structure.

The appearance of SrO in STF under reducing conditions is
previously unreported, to our knowledge. Although no SrO
phase can be clearly identified in the above XRD scans, this is
due to the close overlap between the major perovskite and
phase peaks at =32° and the (111) and (200) peaks of SrO. The
EDS maps definitively show that the decomposition of STF not
only yields Fe-rich regions (identified through XRD as a-Fe), but
eventually yields SrO particles, indicating a full decomposition
of the perovskite.

Symmetric cell electrochemical impedance spectroscopy (EIS)

Fig. 10 shows Nyquist and Bode plots of EIS measurements that
were designed to explore how STF instabilities affect electro-
chemical performance stability. The results shown are for cells
in py /pu,0 = 1 and py /pu,0 = 10, after ~5 h of testing and after
200 h of testing. The response is dominated by a low-frequency
arc that has previously been associated with the surface charge

J. Mater. Chem. A, 2025, 13, 13255-13261 | 13259
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EIS for STF at 850°C
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Fig. 10 Representative Nyquist and Bode plots for STF-7. The high
frequency intercept is set to zero in the Nyquist plot, to clearly show
changes in the polarization characteristics.

transfer and ionic transport processes in the STF electrode.'®
The small higher frequency response has been discussed as
charge transfer at the electrode/electrolyte interface.”® The
overall polarization resistance R;, increases with testing time for
both fuel compositions, but the increase is much larger for the
10:1 ratio.

Fig. 11 shows R, versus time taken from EIS data for STF-7
such as that shown in Fig. 10, with an additional test at py /
Du,o = 39 included. R, increases with time in all cases, but there
is a much more pronounced increase between ~5 and 20 h for
the higher py /pu o tests. The relatively slow increase for py /
Pu,o = 1 may be due to normal electrode break-in. Note that
similar results are observed for the other electrode composi-
tions as shown in Fig. S4 in the ESI{ with large R, increases for
the more reducing fuel compositions that correlate with
decomposition of the STF perovskite phase. The large R,
increase over the first ~20 h correlates well with the py /py,0
values for which phase changes are observed by XRD and EDS as
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Fig. 12 Comparison of polarization resistance and perovskite phase
fraction for STF-5 in py /pn,0 = 10.

shown above, suggesting that the phase changes are the cause
of the degradation. This is shown more clearly in Fig. 12, which
gives the time dependences of both R, and the (111) peak
intensity from in situ XRD data, for STF-5 and py, /py,0 = 10.
STF-5 was chosen because it decomposes the most slowly,
thereby making it easier to resolve the time-dependent changes.
The onset of decomposition as indicated by a rapid drop in
(111) peak intensity corresponds closely to with a rapid increase
in R,. However, it is not clear whether the R, increase results
from the perovskite to R-P transformation, because the R-P
phase may have inferior electrochemical properties, or the
appearance of the insulating SrO phase. The initial fast decrease
in Ry, in the first hour of testing, seen for the more reducing gas
compositions, may be connected to a rapid increase in oxygen
vacancies leading to improved ionic conductivity and decreased
polarization resistance.

Conclusions

Sr(Ti;_,Fe,)Os_; (STF-x) electrode compositions with 0.5 =< x <
0.8 showed significant crystallographic instabilities under highly
reducing fuel conditions (py,/pu,o = 10) in in situ and ex situ XRD,
forming metallic Fe and a Ruddlesden-Popper phase. The lower
Fe content (lower x) STF compositions showed somewhat higher
stability; however, they are still not stable enough for use as SOC
electrodes in highly reducing environments. The decomposition
of the perovskite appears to cause a clear decrease in electro-
chemical performance in the first ~20 hours of operation in
highly reducing conditions for all compositions tested. All
compositions of STF show full stability in 50% H,, 50% H,O0,
however, which indicates that in less reducing conditions (e.g:, as
used in electrolysis), STF is still likely to be a viable SOC fuel
electrode. Thus, exsolution-active fuel electrode materials such as
Ni-doped and Ru-doped STF can be considered for such

This journal is © The Royal Society of Chemistry 2025
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applications with moderate py /py o ratios. While the initial
exsolution of Fe may help further catalyze reactions, the decom-
position and accompanying increase in charge transport resis-
tance of the bulk electrode would decrease the catalytic benefits
of Ni or Ru electrocatalytic doping. To expand the stability
window of STF in highly reducing condition, decreasing the Fe:
Ti B-site ratio to decrease the equilibrium oxygen vacancy
concentration may represent a viable strategy for expanding the
stability window of STF. Similarly, increasing the oxidation state
of cations on the A-site or B-site of the perovskite through
substitution might be pursued for improved stability. However,
such substitutions may decrease ionic conductivity in STF,
leading to worse overall electrode performance.
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