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Perovskite oxides with temperature and oxygen partial
pressure dependent non-stoichiometry J, such as SrFeO;; or
its Cu-doped variants, can be applied as redox materials for
two-step thermochemical processes, i.e. to reversibly store
oxygen and thereby thermal energy, or separate air using
concentrated solar power. We studied the redox state of Cu in
SrFe, ,Cu,O;; samples using in-situ X-ray photoelectron
spectroscopy (XPS) and X-ray absorption (XAS) measure-
ments in oxygen atmospheres using synchrotron radiation,
and characterized these materials through thermogravimetric
analysis. By this means, we show how spectroscopic and

Introduction

Two step solar-thermochemical redox cycles using solid metal
oxides as redox materials are a suitable means for solar fuel
production, air separation, or energy storage. Either of these
cycles share a common principle: binary or multinary oxides
are heated to a certain reduction temperature 7.4 at a certain
oxygen partial pressure pg, using concentrated solar radiation,
at which they are partially or completely reduced under the
release of pure oxygen. In a second step, these redox
materials are re-oxidized using a gaseous oxidant. Possible
oxidants include water or CO,, for the production of hydro-
gen or carbon monoxide, respectively (see Figure 1).”! Via
this means, hydrogen for energy storage and conversion can
be produced using solar energy, and syngas, a mixture of CO
and H,, can be further processed to hydrocarbons and
synthetic fuels using the Fischer-Tropsch process (“solar
fuels”).F! Another application for two step solar-thermochem-
ical cycles is the separation of air into pure oxygen and a
mostly inert fraction of nitrogen, argon, and trace gases.']
This application is referred to as solar-thermochemical air
separation, and its potential lies in the direct usage of
concentrated solar radiation as a heat source to drive this
chemical separation process. Air separation is relevant for
many industrial applications such as ammonia production via
the Haber-Bosch process. By using solar-thermochemical
redox cycles, the high electricity demand of cryogenic
distillation can be avoided. Moreover, these redox materials
may act as an oxygen pump, allowing the provision of low
partial pressures of oxygen with an energy input significantly
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thermogravimetric data are correlated, suggesting that Cu
and Fe are reduced simultaneously for x=0.05, whereas the
reduction of samples with x=0.15 is mainly driven by a
change in the Fe oxidation state. Furthermore, we studied the
re-oxidation kinetics of reduced SrFe, ,Cu,O;;, revealing very
high reaction speeds with #,,=13 min at 150°C for SrFeOs;.
Our results indicate that SrFe, ,Cu,O;; solid solutions can be
applied for oxygen storage and air separation with high
capacity at relatively low temperatures, which allows an
efficient thermochemical process.

lower than by using mechanical pumps.”’ Furthermore, this
process can be applied for the production of high purity
oxygen or for oxygen storage.
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Figure 1. Thermochemical cycles for the production of solar fuels or for air
separation. A perovskite with composition AMO; 5 is partially reduced at high
temperatures and/or low oxygen partial pressures, and subsequently re-
oxidized either in water, CO,, or air. Concentrated solar power (CSP) is used
as heat source, and CO, can be combined with H, to produce hydrocarbons
(“solar fuels”). Adapted from Vieten et al."

A suitable material for solar thermochemical air separa-
tion should be reducible with as little energy input as possible,
which means that the redox enthalpy should be small and the
entropy change upon reduction should be large, according to
the Gibbs-Helmholtz equation. Potential solid oxide redox
materials for these processes include binary oxides, such as
Co0;0,/Co0O or CuO/Cu,0, as well as mixed oxides containing
more than one metal. Among these, perovskites constitute
one of the largest groups of multinary oxides, as many
different element combinations lead to stable perovskites.®!
Perovskite oxides show interesting redox properties, as many
of these oxides allow a high oxygen non-stoichiometry with-
out major changes in the crystal structure. This oxygen non-
stoichiometry J is dependent on the temperature 7 and
oxygen partial pressure pg,, and thus allows gradual reduction
and oxidation of the perovskite in dependence of T and pg,.
Perovskites of the general composition A>*M¥** O, with 6=
0-0.5 constitute stable phases for many different alkali earth
metals A and transition metals M. The large variety of
possible phases can be even extended by solid solution
formation, as many of these perovskites form stable mixed
phases in a large range of mixture ratios."!

SrFeO; is a simple, grossly non-stoichiometric perovskite
oxide, which is well known for its oxygen non-stoichiometry
and mixed +III/+1V Fe valence, which makes it a suitable

x=0.05

x=0.15
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oxygen carrier for thermochemical air separation.”! To a small
extent, iron cations in this phase can be exchanged by copper
cations, forming solid solutions, i.e. SrFe¢sCugsOs5 as
demonstrated previously by the authors."! This leads to an
increase in the oxygen storage capacity under ambient air like
conditions. However, the Cu oxidation state in these systems
was yet unknown. We therefore present the results of in-situ
X-Ray spectroscopic studies, showing that the presence of
Cu’* cations undergoing reduction to Cu?* is most likely the
case. Furthermore, the Cu content is gradually increased in
order to explore the solubility limit of Cu in SrFeO;; and
thermogravimetric experiments have been carried out in
order to study thermodynamics and kinetics of these samples,
revealing very fast oxygen uptake in relaxation experiments.

Results and Discussion
Phase composition and solubility limits

Samples with nominal starting composition SrFe,; ,Cu,O;; and
x=0-0.33 were prepared, and their composition was studied
via Energy dispersive X-Ray (EDX) analysis (see Figure 2)
and X-Ray diffraction (XRD, see Figure 3). An even distribu-
tion of Cu in EDX maps as well as the presence of a single
phase in the XRD analysis is a strong indicator for the
formation of a solid solution. Samples with x=0.05 and 0.15
showed an even distribution of Cu over the measured area
and a Cu content close to the expected values according to
the intended phase composition. This evaluation, however,
was not performed on single crystals but the cooled melt, and
thus the composition measured with this method is not
necessarily equal to the phase composition. Moreover, an
EDX analysis of the powdered samples revealed no signifi-
cant difference in the A/B site ratios between different Cu-
containing samples (see supplementary information). To
further evaluate the phase composition, X-Ray diffractograms
were analyzed, showing no copper oxides for x<0.25 (see
Figure 3). For SrFe;ysCu,sO;; samples, the authors previ-
ously reported the formation of a side phase with a different
Sr/Fe ratio.l'! To increase the sample purity for more detailed
studies, a slight Sr excess leading to a nominal starting
composition of SryysFeq9sCug 5055 was applied. Although no
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Figure 2. EDX maps of Cu-doped SrFe;,Cu,O; 5 powders with the emission signals of Sr, Fe, Cu, and Al. Both Sr and Fe are evenly distributed in all cases,
whereas a Cu-rich side phase is formed at x=0.25. An Al signal was detected only at x>0.25, and below the background noise level at x=0.05 and x=0.15.
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Figure 3. XRD analysis of SrFe;,Cu,O; 5 powders with different Cu contents.
Vertical lines are added as a guide to the eye. The reflection marked with ok
is assigned to the brownmillerite Sr,Fe,Os, reflections assigned to CuO are
denoted by A, while the origin of the reflections marked as @ is further
discussed in the text. The phase marked with an asterisk was prepared using
a 5% Sr excess.

significant differences in the X-Ray diffractograms were
found in this case, more detailed EDX analysis on cleaved
and polished pellets revealed an even distribution of Fe, Sr,
and Cu throughout the sample (see supplementary informa-
tion), as opposed to previous studies with no Sr excess.l"! We
assume that the slight Sr excess increased the phase purity by
balancing the Sr loss due to reaction with the crucible or its
volatility at high temperatures, but further studies are
necessary to further evaluate this point. The formation of side
phases may be very susceptible to small variations in Sr
content. Additionally, reflections at 2¢=45° were found in
the X-Ray diffractograms of the samples with x=0 and x=
0.05, which could not be assigned to any known phase.
Previous in-situ XRD studies showed no temperature depend-
ent (reduction-induced) shift of this reflection, as opposed to
all other reflections."! The authors of this previous study
suspected that this reflection may be associated with the
observed side phase, but as this reflection was also found in
the sample prepared with slight Sr excess, the nature of this
side-phase remains unclear.

Remarkably, the side phase was not formed for x=0.15. If
the Cu content was increased beyond x=0.15, we found an
uneven Cu concentration via EDX mapping of the powdered
substances. Therefore, a solubility limit of Cu in SrFe, ,Cu,O;;
of x~0.15 can be concluded. At x=0.20, additional reflections
were present in the X-Ray diffractograms, which potentially
correspond to Sr,CuO,;"! At higher Cu contents, reflections
of CuO were found in the diffractograms. This is in good
agreement with the phase segregation observed in the EDX
maps, as well as earlier experiments by Zhang etal. on
SrFe,;Cu,;0;; membranes, where phase segregation was
observed as well.'! Moreover, at high Cu content, aluminum
was found in the samples through EDX (~3 at %), which may
result from partial dissolution of the alumina crucibles used for
synthesis, as also described below. Excess Cu may have reacted
with alumina, and ternary phases may have been formed,
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which are stable according to phase diagrams of the copper
oxide — alumina system.!"!!

For sample preparation in a larger scale, ceramic methods
involving synthesis directly from metal oxides are easier to
implement. An attempt was therefore made to synthesize
SrFe;4sCuy 5055 from Fe;O,, SrCO;, and CuO in the appro-
priate stoichiometric amounts by mixing the oxides and
heating them in alumina crucibles using the same temperature
program as for the precursors prepared via citric acid auto-
combustion. The alumina crucible showed severe corrosion as
a result (see supplementary information), and thermogravi-
metric experiments revealed lower redox mass changes than
expected according to previous measurements of samples
prepared via citric acid auto-combustion and subsequent high
temperature treatment. However, ceramic synthesis of Cu-
free SrFeO;; in good phase purity is possible, as demon-
strated in the literature.™™'? It appears that the citric acid-
autocombustion method is crucial to the successful prepara-
tion of SrFe(4sCuy ;055 solid solutions in our case, probably
due to the fine dispersion of the oxide precursors resulting
from auto-combustion and/or the potential formation of
ternary intermediate oxides.

If oxides are used as precursors in alumina crucibles, it
appears that a side reaction of CuO with ALO; is more
favorable than the formation of a perovskite solid solution.
For instance, according to DFT calculations (the Materials
Project™ ")), the formation of Al,CuO, from Al,O; and CuO
is a possible reaction pathway, with AH=39 kJmol'. The
ceramic method, however, might be successfully applied when
other crucibles are used which do not react with CuO at high
temperatures, i.e. platinum crucibles.

Oxygen storage capacity and thermodynamics

Although the response to changes in temperature and oxygen
partial pressure in the thermobalance is very similar for all
samples, the changes in non-stoichiometry, and, associated
with that, the changes in oxygen storage capacity show some
differences. If the temperature is swept between 400 and
900°C while the oxygen partial pressure is kept at 2 mbar at
the high temperature step and 900 mbar at the low temper-
ature step, all materials show a gravimetric oxygen storage
capacity between 18 and 19 litres O, (ideal gas, SATP) per kg
of redox material, and some lower capacities if the temper-
ature or pressure differences are lower (see supplementary
information). When the oxygen storage capacities are com-
pared to SrFeO;; as a reference, an increase in capacity
through Cu doping is visible in most cases (see Figure 4).
Whereas the sample with 5% Cu on the Fe sites shows
advantages at lower temperatures and high oxygen partial
pressures, the sample with higher Cu content has a signifi-
cantly increased oxygen storage capacity at high temperatures
and low partial pressures. This sample showed a change in
non-stoichiometry of 40=0.35 between 350°C at py,=0.9 bar
and 1000°C at po,,=1-10"*bar, which is not possible with
pure SrFeO,;[ 'l However, when comparing the redox

133



Energy Technology

@ : :
g% L
E I 1
a 201 te ! f
I 1
- ) 1
7] i
215 T
.‘e ] 1
::'. 10 i ;
] 1
] I 1
Lt i l
o i ;
= 0 oy e = L
5 | I x = 0.05
-5 ! x=0.15
a 600°C 900 °C
0.9 / 2E-3 bar 0.9 / 2E-3 bar
|, 400/600°C 400 /900 °C
0.01 bar 0.01 bar
¢ 400/600°C § 400/900°C
0.9 / 2E-3 bar 0.9 / 2E-3 bar

Figure 4. Percentage difference in gravimetric oxygen storage (mol O,/g of
redox material) of Cu-doped SrFeO; 5 vs. pure SrFeO; 5 extracted from
thermogravimetric data. Temperature, oxygen partial pressure, or both were
changed according to the annotations (a) to (f). Cu doping leads to an
increase in oxygen storage capacity in most cases. The material with lower Cu
content performs better at low temperature, whereas the oxygen storage
capacity of the material with x=0.15 is higher at high temperatures and lower
oxygen partial pressures.

thermodynamics using a van’t Hoff approach, the observed
differences are very small (see supplementary information).
Considering the measurement uncertainties, it is difficult to
determine significant differences between the samples, espe-
cially when considering that the redox enthalpy and entropy
may be coupled when determined through this approach
(enthalpy-entropy compensation"). The observed redox
enthalpies, however, are in good agreement with literature
data for the reduction of SrFeO; to Sr,Fe,O5 and Sr,Cu,O5 to
SrCuO,, which have been determined using DFT to be 84 and
82.5kJ per mol of O, respectively.’™? The differences in
redox extent between the three samples gained via isothermal
and isobaric variation of the equilibrium conditions vary
significantly, indicating potential changes in redox entropy
upon Cu doping, as the entropic term in the Gibbs-Helmholtz
equation depends only on the temperature, whereas the
overall Gibbs free energy depends on both temperature and
oxygen partial pressure. From the point of view of statistical
thermodynamics, it is likely that changes occur upon partial
substitution of one species in the lattice by another, as the
amount of distinct sites for the oxide ions is changed.
However, further measurements of thermodynamic properties
need to be carried out in order to give a definitive answer. In
conclusion, the observed differences in oxygen storage
capacity arise from small changes in the redox thermodynam-
ics upon substitution of Fe by Cu in the perovskite lattice.

Energy Technol. 2019, 7, 131-139
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Redox kinetics

Cu doping of SrFeO; ; has a significant influence on the redox
reaction kinetics. In particular, we could observe major
differences in the reaction rates at low temperatures in our
relaxation experiments (see supplementary information).
SrFeO; 5 can be re-oxidized at low temperatures. In fact, even
at 150°C substantial re-oxidation can be observed within
minutes, and the state of half oxidation is reached after ¢,,=
13 min. These particularly fast reaction rates are strongly
related to the high oxide ion conductivity in the perovskite
lattice, and the very similar crystal structures of the oxidized
and reduced phases. These fast redox reactions and their
phase stability constitute one of the main advantages when
using perovskites for thermochemical air separation instead
of stoichiometric redox pairs such as the CuO/Cu,O or the
C0;0,/Co0 system.["'! For thermodynamic reasons, re-oxida-
tion at low temperatures is associated with a very low
equilibrium oxygen partial pressure. In contrast to the
undoped sample, the oxidation of SrFe4sCu, ;5055 does not
reach the state of half oxidation even after one hour of
oxidation at 150°C. At higher temperatures above approx.
300°C, no significant differences in oxidation kinetics could
be observed between the three samples. Using the half-lives
t;, of the reactions, it is possible to create an Arrhenius-like
plot of In ¢, vs. I/T (see Figure 5). Two different regimes can

450 °C 350 °C 250 °C 150 °C
% x=0 A . .
3d| ¢ x=005 /95' &
A x=0415 e ’
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B ’ e
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Figure 5. The natural logarithm of the reaction half-lives t, , of oxidation
reactions performed on different SrFe, ,Cu,O55 samples with x=0, 0.05, and
0.15 vs. 1/T. Half-lives were determined through relaxation experiments in a
thermobalance. The red dashed line indicate a gas transport limited regime
and the blue dashed lines indicate an activation limited regime. Cu doping
decreases the oxidation speed at low temperatures.

be distinguished. At high temperatures and all three samples
show very similar reaction rates, and the influence of a
temperature change on the reaction speed is smaller than at
low temperatures.

This behavior can be explained if the reaction is
controlled by the diffusion of oxygen to the samples in the
reaction medium. As the flow of oxygen inside the thermog-
ravimetric analyzer is limited, a certain reaction speed cannot
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Figure 6. Cu 2p XAS spectra of the SrFe;,Cu,O;5 samples with x=0.05 (left) and x=0.15 (right) at different temperatures in pure oxygen atmospheres with
p=1.0 mbar. The peak broadening at low temperature with features at higher excitation energies indicates the formation of a second Cu species through

oxidation. Vertical lines are added as a guide to the eye.

be exceeded. This also indicates that the observed half-lives
of about 20 seconds could even be lower if the gas flow rates
were increased. Conversely, the reaction rate is more temper-
ature dependent at lower temperatures. We explain the
observed behavior with a transition from diffusion/mass
transport control to activation control at low temperatures.
Samples with higher Cu content show slower reaction rates
than those with lower or no Cu. The transition point between
the two regimes also shifts to higher temperatures with
increasing Cu content. The partial replacement of Fe ions by
Cu might impede the diffusion of oxide ions through the
lattice to some extent, or the surface reaction may become
the rate determining step. Further clarification of the rate-
limiting step requires more detailed studies of the reaction
kinetics in the future. Moreover, the oxygen diffusivity in
samples with different Cu concentration can be measured in
further experiments. For the application as redox materials
for solar-thermochemical air separation or oxygen pumping,
our results indicate that a) the reaction rates are very high
compared to stoichiometric oxides, allowing many redox
cycles per time unit and high air separation rates, and b) that
samples with lower Cu content are more suitable redox
materials at temperatures lower than ~300°C.

Redox state of Cu and XPS/XAS spectra

As explained in the previous two sections, the partial
substitution of Fe by Cu in SrFeO;; samples influences their
redox performance. To elucidate possible reasons for this
effect, the replacement of Fe ions by copper ions in the lattice
is investigated via near ambient pressure XPS, which is a
method to study these redox reactions in-situ.

Of particular interest is the redox state of Cu in these
samples. Whereas in SrFeOj;; the Fe ions are present in a mixed
valence state of Fe'™ and Fe’" (depending on the reduction
extent), the formation of Cu** is significantly less common."”!
Higher valence states of Cu than Cu®" have so far only been
observed in metal complex compounds prepared in the presence
of strong oxidants, and there are indications of Cu*" at high

Energy Technol. 2019, 7, 131-139
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oxygen pressures in some perovskites." SrCuO, and its
reduction to the brownmillerite phase Sr,Cu,Os can be studied
theoretically via DFT calculations (the Materials Project™™ ). It
is predicted that SrCuQO; forms a (slightly distorted) perovskite
structure similar to the one of SrFeO;, but due to the negative
reaction enthalpy for reduction to the brownmillerite phase,”"!
extremely high oxygen partial pressures would be required to
stabilize such a phase. This would also apply to a solid solution
of SrCuO;; and SrFeOs;, as long as the two phases can be
treated as individual sub-lattices. It can therefore be assumed
that Cu would be present in the Cu®" state under the conditions
we applied. As the Cu’" in perovskite-like structures can easily
be thermally reduced to Cu’" (AH,y (per mol of O) for the
reduction of Sr,Cu,O5 to SrCuO,: 82.5 kJ/mol), it is likely to
observe a reduction of Cu’* to Cu*".

By studying the X-Ray absorption (XAS) in-situ in
dependence of the temperature at near-ambient oxygen
pressures, we are able to draw some first conclusions on the
Cu redox state in our compounds (see Figure 6). The Cu L;-
edge typically ranges around 931-934 eV in perovskites.!"”
Indeed, we observed a single peak at 931.8 eV excitation
energy for both x=0.05 and x=0.15 in SrFe, ,Cu,O;; at a
temperature of 600°C in 1.0 mbar oxygen atmosphere. At
lower temperatures, the absorption feature broadens towards
higher excitation energies, indicating the formation of a
second species with higher valence state which generates a
signal at about 933 eV. Moreover, the lower Cu content of the
sample with x=0.05 with respect to x=0.15 becomes obvious,
as the signal intensity is much lower and the signal to noise
ratio is decreased. We attribute the generation of the second
peak to the oxidation of the sample in the oxygen atmosphere
at lower temperatures due to a shift of the chemical
equilibrium between the perovskite and the brownmillerite
state, and we will use the XPS spectra in the following to
elucidate the formal valence state of Cu in these compounds.
The Cu 2p;, XPS spectra (see Figure 7) show temperature
dependent changes which are very similar as those in the
XAS spectra.

A second peak at higher binding energy becomes clearly
visible as the temperature is reduced, especially at 300°C and
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Figure 7. Cu 2p XPS spectra recorded in 1.0 mbar O2 atmospheres using SrFe; ,Cu,O; 5 samples with x=0.05 (left) and x=0.15 (right). The main peak with
lowest B.E. shows a shoulder at higher B.E. which is attributed to the generation of Cu’" states. Its intensity decreases with increasing temperature due to the
thermal reduction of the samples. Moreover, the lower intensity and the higher separation of this shoulder for x=0.15 from the main peak indicate that this

system in general shows a more Cu®*-like character than the x=0.05 system.

RT (see supplementary information). We note that a meas-
urement at RT was only possible for SrFe, ,Cu,O;; samples
with x=0.15 due to high absorption from dense oxygen gas at
low temperatures. The Cu 2p;, XPS main peak is located at
933.424+0.20eV (B.E.) and 933.71+0.11 eV for x=0.05 and
x=0.15, respectively. In contrast to the main line, the peak at
higher binding energy shows notable Cu-content dependence.
This peak has higher intensity and is located at a lower B.E.
in x=0.05 than in x=0.15 (for x=0.15, B.E.=935.61+
0.18 eV, for x=0.05, B. E.=934.75+0.17 V). This leads to a
larger splitting between the main and high binding energy
peaks for higher Cu content. The high binding energy peak
increases in intensity at low temperature for both cases (see
supplementary information). In the case of x=0.15, two
distinct (but overlapping) peaks are observed, whereas for x=
0.05 the high binding energy peak is observed as a shoulder
on the main peak. The binding energy positions of the peaks
we observed, however, may be sensitive to the specific curve
fitting procedure. The 933 eV B.E. of the main line is
characteristic of a Cu*" system, while the peak around 935 eV
is a signature of the Cu®* system in the ground state.” Thus,
the Cu-content dependence of the high binding energy peak
intensity in a wide temperature range suggests that in
SrFe,4sCu, 5055 the Cu is in a more Cu?*-like state, whereas
in the x=0.05 system there is a higher fraction of Cu in the
Cu’" state. The high binding energy peak position is sensitive
to the charge transfer energy (of the Cu®* state). The peak
structure we observed is similar to the one seen in a study by
Meyers et al., where perovskites with mixed Cu*" and Cu®*
valence states have been studied.”™ The decrease in intensity
of the high binding energy peak with increasing temperature
(see Figure 8) can be associated with the thermal reduction of
the system, leading to the generation of oxygen vacancies and
the reduction from Cu’* to Cu?*, as already suggested in the
XAS data analysis.

Similar Cu 2p;, XPS spectra can be observed for
YBa,Cu;0,; annealed at different temperatures, showing a
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Figure 8. Temperature dependence of the 2p; , XPS peak area ratios between
high energy shoulder and the main peak measured under constant oxygen
pressure p=1.0 mbar for SrFe,,Cu,0O; 5 samples. The sample with x=0.05
shows a stronger temperature dependence of the peak area ratios, indicating
a stronger effect of thermal reduction of the samples on the Cu redox state.
Lines are added as a guide to the eye, indicating a near-linear dependence of
the peak area ratios on the temperature.

different extent of oxygen non-stoichiometry and a change in
the Cu’* peak intensity at high B.E.?! These conclusions are
further supported by the behavior of the so-called shake-up
or satellite peaks, which can clearly be observed in all of our
Cu 2p XPS spectra at about 942-943 eV B.E. These can only
occur if empty states in the Cu d-band are available, which is
not the case for Cu’ and Cu*.? As we always observed
satellite peaks, we can exclude the presence of pure Cu” in
our structures!™ The intensity of these shake-up peaks is a
measure of the amount of empty d states in Cu, and is
therefore related to the oxidation state. By analyzing the ratio
of the shake-up peak integral area vs. the main peak area (see
supplementary information), we can conclude that a relatively
high formal Cu oxidation state must be present in our
samples, similar as in LaCuO;; or NaCuQO,, as shown in the
literature.™ The satellite vs. 2p;, main peak intensity
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decreases from over 50 % to 36 % upon reduction at higher
temperatures for x=0.15. In contrast, no clear temperature-
dependent trend of the peak area ratios could be observed for
x=0.05, most likely due to the low signal to noise ratio
associated with the low Cu content of these samples.

We could not find evidence for the presence of a formal
Cu oxidation state higher than +3. Although the relatively
high binding energies we found are in good agreement with
the studies presented by Darracq et al.,® the observed peak
structure can be best explained with a mixture of Cu®* and
Cu’' states, as described before. By combining data from
thermogravimetric analysis (TGA) and XPS studies, it is
possible to draw some conclusions on the reduction process
depending on the Cu content of the studied SrFe, ,Cu,O;;
samples. Figure 9 shows a plot of the change in oxygen non-
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Figure 9. Correlation between the change in non-stoichiometry Ad (reference
Ad=0: po,=0.18 bar, 400°C) extracted via thermo-gravimetric analysis (TGA)
and the Cu 2p,;, XPS area ratio between the high B.E. shoulder and the main
peak and in SrFe,,Cu,0; 5 samples with x=0.05 and x=0.15 at different
temperatures and p=1.0 mbar (XPS) and po, =2 mbar (TGA). Dashed
isothermal lines are added as a guide for the eye. A linear fit of the data
shows a strong correlation between the Cu redox extent expressed through
the XPS peak area ratio and the oxygen release of the whole sample for
x=0.05, whereas for x=0.15 the correlation is much less expressed,
indicating the presence of mostly passive Cu’* ions in this case.

stoichiometry 40 extracted from TGA measurements vs. the
2ps, Cu XPS main vs. shoulder peak area ratio. TGA data
was taken for an oxygen partial pressure pg, =2 mbar, which
is closest to the conditions during the in-situ XPS measure-
ments in oxygen atmospheres with p=1.0 mbar. For x=0.05,
we could find a clear linear dependence of the peak area
ratios on the change in oxygen non-stoichiometry. This was
not the case for x=0.15, where the adjusted R? of a linear fit
was significantly smaller than in the case of the samples with
5% Cu substitution. Moreover, the slope of the linear fit is
about one order of magnitude smaller in this case. As
discussed earlier, the 2p;, peak area ratio between main and
high binding energy peak in Cu XPS can be seen as a measure
of the Cu®*/Cu?* ratio. Therefore, in the case of x=0.05, the
change in oxygen non-stoichiometry is associated with a major
change in Cu®" content. As this change in redox extent cannot
be explained by just the reduction of Cu** to Cu®" (a full
reduction of all Cu in the sample would only correspond to
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46=0.025), this result means that Fe*" and Cu®* are reduced
at the same time to a large extent. In contrast, the oxygen
release of the sample with x=0.15 does not lead to major
changes in the Cu redox state, meaning that the reduction of
SrFesCuy,505 is mainly driven by the reduction of Fe**,
whereas most of the copper is passive in the Cu?* state. This
means in conclusion that the x=0.05 sample can be best
described as SrFeysCuysO;5, whereas the x=0.15 sample would
be more accurately represented by (SrFe,Cu, O;;), - (SrCuO,),.
with x” denoting a small amount of Cu being involved in the
redox process.

The XPS studies on the reduction process of SrFe, ,Cu,O;;
samples are completed by analysis of the spectra of other
elements (see supplementary information). As explained in the
experimental section, carbonaceous species on the surface have
been reduced successfully by initially heating the samples to T <
300°C in oxygen atmosphere, yielding no detectable C 1s signal
after this treatment. Moreover, a characteristic O 1s signal can be
observed. Very similar to studies on Ca;sSr;,MnO;; presented by
the authors previously, a distinct surface oxygen species with
higher binding energy can be observed next to an oxygen species
characteristic for the bulk in samples with Cu content x=0.05.
By scanning the samples at constant temperature and oxygen
pressure with different excitation energies, different sample
depths could be scanned, and the surface species was clearly
identified (see supplementary information). Afterwards, a meas-
urement at different temperatures with constant excitation energy
and oxygen pressure has been conducted, which shows that the
relative intensity of the surface species decreased with respect to
the bulk species with increasing temperature, i.e., increasing
reduction extent. This result is again very similar to the one
observed in CaygSry,MnO;; and most probably indicates that the
surface of the sample is reduced preferentially. In addition, Fe 2p
XPS spectra were studied, but as described in the literature, no
significant changes in the peak shapes and intensities are expected
between Fe’* and Fe'" species.””) Exemplary XPS spectra for
SrFe(ssCuy 15055 are presented in the supplementary information,
revealing in fact no major difference between spectra recorded at
different temperatures, i.e., different reduction extents. Further
studies with other techniques may be used to evaluate the Fe
redox states in these materials, such as Mossbauer spectro-
scopy.”!

Conclusions

We present an extensive study of the SrFe, ,Cu,O;; system
and redox reactions induced in these samples upon thermal
reduction and subsequent re-oxidation. Our results indicate
that solid solution phases are formed for x<0.15. Cu-
containing phases could not be prepared via a ceramic
method from strontium carbonate and the metal oxides, in
contrast to pure SrFeOs;. The oxygen storage capacity can be
improved by Cu doping of SrFeO;; and we present
experimental data on the effect of different temperature and
oxygen partial pressure levels on the reduction extent.
However, the replacement of Fe by Cu in the lattice decreases
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the oxidation speed at low temperatures, as shown through
our kinetic studies. The re-oxidation of our samples can be
completed in less than 20 s at temperatures above 300-350°C,
and SrFeQjs; still shows decent re-oxidation speeds at temper-
atures as low as 150°C, which are comparable with the re-
oxidation speeds of stoichiometric oxides at much higher
temperatures. This is particularly helpful if very low oxygen
partial pressures shall be reached in thermal air separation
and oxygen pumping processes. From the thermogravimetric
studies, it can be concluded that samples with high Cu content
can be applied best at high temperatures and low oxygen
partial pressures, whereas those with lower Cu content show
better redox performance at lower temperatures. The redox
properties were studied more in detail via in-situ XPS and
XAS measurements using synchrotron radiation. It has been
shown that the reduction process of Cu ions in the lattice is
associated with a change of the Cu oxidation state from +3 to
+2. Whereas in the case of x=0.05 the reduction process is
characterized by a mostly simultaneous reduction of Fe** and
Cu’", the reduction of the samples with x=0.15 is mainly
driven by the reduction of Fe species. From this, it may be
concluded that these samples are more accurately represented
by (SrFeCu,O;;), - (SrCu0,), The formation of a layered
structure like this would also yield one possible explanation
for the limited oxygen diffusion in these samples at low
temperatures through impeding diffusion, but further studies
are necessary to confirm this hypothesis. All in all, StFeO, ; is
an excellent candidate as a material for application in solar
thermochemical air separation, oxygen storage, and oxygen
pumping processes and the replacement of some of the Fe by
Cu can be beneficial for its redox performance, depending on
the desired application.

Experimental Section

All samples are prepared via a citric acid auto-combustion route,
as described in the literature.!'?”) 5.00 mmol of SrFe, Cu,O;;
solid solutions are prepared by mixing 50 ml of an aqueous 0.1 M
Fe(NO;); solution (from Fe(NO;);-9 H,O0, VWR Chemicals,
99.0-101.0 %) with Cu(NO;), (from Cu(NO;),-2.5 H,O, Sigma
Aldrich, 98 %) and 4 mL of a 2.5M citric acid solution (from
anhydrous citric acid, Merck, 99%). 0.738 g (5.00 mmol) of
SrCO; (99.99 %, Alfa Aesar) are then added as a Sr source. The
starting mixture for the SrFeO;; reference sample is prepared in
a similar manner, but instead of SrCOj;, 50 ml of a 0.1 M Sr(NO;),
solution (from Sr(NO;),, Alfa Aesar, >99.0 %) are used, leading
to the same final Sr concentration. The mixtures are heated to
the boiling point and most of the water is evaporated until a gel
forms, which is then further heated to 200°C remove the
remaining water. Subsequently, the reaction vessel is heated first
to 300°C, then after a few minutes to 500°C on a hot plate until
the auto-combustion reaction occurs. The remaining finely
dispersed oxide powder is ground and mixed and then filled into
open alumina crucibles for the subsequent high temperature
synthesis. The samples are treated for 10 h at 800°C twice with an
intermediate cool-down step followed by a high temperature step
at 1300°C for 20 h, as described previously by the authors.!*
Intermediate mixing steps are not necessary. After the high
temperature treatment, the samples are ground to form a powder.
Alternatively, a solid state synthesis method is tested for the
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preparation of SrFe4sCug9sO;; on the scale of 1-5 g perovskite
material. SrCO; (Alfa Aesar, 99 %; Ba 1%, —325 mesh), Fe;O,
(Alfa Aesar, 97 %, —325 mesh), and CuO (Cerametek Materials,
99.99 %, —200 mesh) are mixed in a pestle according to the
intended stoichiometry ratio and accounting for the mass loss due
to the de-carbonization of SrCOj; at elevated temperatures. The
samples are heated twice to 800°C for 10 h and once to 1300°C
for 20 h, as described above for the precursors prepared via the
Pechini method.

The formation of solid solutions is studied using X-Ray
diffraction (XRD) and energy dispersive X-Ray spectroscopy
(EDX). For XRD, the powdered samples are analyzed on Si
single crystals using Cu K, radiation in a Siemens D-5000
diffractometer. An angular range of 29=10-90° is scanned in
steps of 0.02° with 6 seconds measurement time per step. The
undoped reference sample, SrFeOs;, is studied using a Bruker
D8 Advance diffractometer equipped with an area detector (steps
of 0.03° with 2.5 seconds per step). Moreover, a Zeiss Ultra-55
SEM system is used for EDX analysis using an Oxford INCA®
X-Ray detector. Before EDX analysis is carried out, the
powdered samples are sputter-coated with Pt for 15 sec in order
to increase their electric conductivity. Furthermore, for a more
accurate phase analysis of the sample with x=0.05 we use pellets
annealed for 10 h at 1300°C in a muffle furnace which are then
cleaved, polished, and sputter-coated with Pt.!"

Thermogravimetric analysis is performed using powdered sam-
ples (100-450 mg) on flat ceramic sample holders covered by Pt
foil on the surface. A STA 449 F3 Jupiter thermobalance by
Netzsch is used in combination with a combined oxygen sensor
and oxygen pump manufactured by SETNAG. Argon 5.0
(Linde), synthetic air (80:20 mol % N,:O,, Linde) and oxygen 5.0
(Linde) are used as the gas feedstock and the mass flow of the
gases is controlled via the mass flow controllers of the
thermobalance, allowing to reach different oxygen partial
pressures depending on the mixture ratios. The oxygen partial
pressure is monitored at the outlet of the thermobalance using a
combined oxygen pump and sensor manufactured by SETNAG.
A silicon carbide furnace is used within the thermobalance to
heat the samples to different temperature levels at a maximum
heating rate of 50 Kmin™. Data on redox thermodynamics is
obtained via the van’t Hoff method by measuring the mass
change at equilibrium at different temperature and oxygen partial
pressure levels, as described in the literature.”**! Relaxation
experiments in order to determine the re-oxidation speed are
carried out by heating the samples to 860°C under Ar and
allowing them to cool to different temperature levels while Ar
flow is maintained. Once the lower temperature level is reached,
the atmosphere is switched by adding oxygen and an oxygen
partial pressure of 0.9 bar is reached, allowing for quick re-
oxidation. For the kinetics studies, exactly 260.0 mg of powdered
samples are used in each measurement to exclude potential
differences in gas flow rates and diffusion lengths.

The oxidation state of the samples under redox conditions is
studied using near ambient pressure X-Ray spectroscopy (NAP-
XPS) using the ISISS beamline at the X-Ray source BESSY II,
Helmbholtz-Zentrum Berlin (HZB), Germany, as described in the
literature.?!! Pure oxygen atmospheres of up to 1.0 mbar are used
(oxygen partial pressure equals total pressure), and pellets of the
samples are prepared via compression of the powders. The
samples are heated via an infrared laser, reaching temperatures
of up to 700°C (pyrometer and type K thermocouple readings).
Carbonaceous species on the surface are removed by initially
heating the samples to >300°C in 1.0 bar O, (see supplementary
information). To exclude systematical errors of the peak shifts,
the signal is compared to the Sr 1s XPS signal and its second
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order peaks. To monitor potential surface alterations to beam
damage, the O 1s XPS signal was observed at each temperature
step. The data is evaluated using the software SpecsLab Prodigy
and XPSPeak 4.1. After subtracting a Shirley type background,
peaks are fit using symmetric mixed Laurentzian-Gaussian
functions (80 % Lorentzian). XAS (measured as total electron
yield, TEY) measurements are carried out under the same
conditions. In this case, the peak positions are calibrated using
the mirror currents.
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