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Oxygen ion exchanges at the surface of transition metal oxides have been extensively studied for
understanding their nanoscale ionic behavior as well as for realizing multifunctionalities such as exotic
magnetism, insulator-to-metal transition, band gap tuning, etc. To activate this exchange behavior, in
many cases extreme conditions such as high temperature, high electric fields, and high vacuum are often
required. These conditions have blocked the promising materials from being applied on real devices such
as solid-oxide fuel cells and other electrochemical devices. In this article, we show that redox-driven
reversible topotactic transformation in epitaxial SrFey3Cog,0s-, thin films can be achieved at low tem-
perature and at atmospheric pressure. This transformation triggers changes in electronic structures as well.
These reversible redox reactions and/or associated changes at low temperature and under atomospheric
pressure are particularly needed to develop a cathode for low solid-oxide fuel cells.

DOI: 10.1103/PhysRevApplied.10.054035

I. INTRODUCTION

Transition metal oxides (TMOs) have been attracting
much attention because of their various physical proper-
ties [1-7]. There have been many attempts to control these
properties via mechanical stress, magnetic fields, electric
fields, etc. Recently, control of the materials’ chemistry in
areversible manner has been proposed as an active method
by which to control the TMOs’ physical properties [8—11].
In oxides, control of the oxygen content is a viable method
for tuning the physical properties, since the number of
oxygen vacancies can be controlled by a gas environment
and/or by electric fields [12—15]. Among many oxides,
topotactic oxides, which can vary their crystal structure
under the change of the oxygen content, can be considered
as promising materials for this reversible manipulation,
since they do not create defects in a random fashion.

Even though the redox reactions, which are closely
related to the control of the oxygen content, have recently
been considered as an important way to control the phys-
ical properties in TMOs, the fundamental importance of
the redox reactions in TMOs lies in energy applications
[16]. Among many applications, solid-oxide fuel cells rely
heavily on ion diffusion and oxygen reduction reaction
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processes, which are closely related to the redox reac-
tions. In this regard, TMOs with their relatively high ionic
and electronic conductivities have been actively studied
for several decades as replacements for precious platinum
cathodes, since the function of a cathode such as the
oxygen reduction reaction is believed to determine the effi-
ciency of solid-oxide fuel cells [17]. In solid-oxide fuel
cells, one of the critical issues is lowering the working tem-
perature from 700 °C or higher to increase the efficiency
and to lower thermal degradation and costs [18]. Thus,
a cathode should work properly at this lowered temper-
ature. Recently, several redox-active topotactic oxides at
low temperatures have been proposed [9,19]. The results
show the materials are promising for solid-oxide fuel cells.
For redox-driven topotactic transformation, these materials
have required special chemicals and/or moderate vacuum
levels up until now. If the conditions such as the atmo-
spheric conditions at low temperature for the redox reac-
tion are improved, they can be even more promising as
potential cathode materials.

In this research, we observe reversible changes of the
oxygen content in an epitaxially stabilized SrFegCoq
O;_, (SFCO) thin film on a (001) (LaAlO3)¢3-(SrAlysTag s
03)07 (LSAT) substrate by varying the gas species at
atmospheric pressure as well as lowering the temperature
through topotactic transformation. It is expected that the
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choice of a solid solution may result not only in diverse
structures, but also in differences in the electronic and mag-
netic properties [20,21]. From real-time x-ray scattering
(XRS) techniques, we show the change of gas type from
air to Ny or vice versa, which leads to transitions between
an oxygen-deficient perovskite structure and a brownmil-
lerite structure. With the use of ex sifu probes such as x-ray
absorption spectroscopy (XAS) and spectroscopic ellip-
sometry, we not only confirm the changes in valence state
of transition metals associated with changes in the oxy-
gen content, but also point out the reversible change of
the direct optical band gap energy by about 0.5 eV upon
undergoing these reversible oxygen exchanges, possibly
due to the small difference in Gibbs free energies between
the brownmillerite and perovskite phases.

II. EXPERIMENTAL METHODS

A. Thin-film synthesis

The epitaxial SFCO thin films are deposited on the
(001) LSAT substrates by pulsed laser deposition (PLD)
with a Q-switched Nd:YAG (A =355 nm) laser. The laser
energy density and repetition rate are kept at 0.75 J/cm?
and 4 Hz, respectively. Growth of perovskite SFCO (P-
SFCO) films is conducted at 550700 °C and 1-200 mTorr
of oxygen. We find that 600 °C and 100 mTorr of oxygen
partial pressure (P(O;)) to be the optimal growth condi-
tions. After deposition, thin films are cooled down to 50 °C
while P(O,) in cooling is same as growth P(O;) to form an
oxygen-deficient perovskite structure.

B. X-ray scattering experiments

With this as-grown thin film, real-time XRS
(A=1.240 A) in 3D beamline in the Pohang acceler-
ator laboratory (PAL) is performed. First, temperature-
dependent real-time x-ray diffraction (XRD) experiments
are performed under reducing conditions by purging the
heating chamber with N, gas. After confirming a com-
plete phase transformation to the brownmillerite structure
at 375 °C, real-time XRD and x-ray reflectometry (XRR)
experiments are performed under oxidizing and reducing
conditions: the reducing condition by using N, and the oxi-
dizing condition by supplying dry air (80% Nj, 20% O,).
Even if a reversible transformation in a topotactic oxide
appears, the aging effect has not been completely ruled out.

C. X-ray absorption spectroscopy and optical
spectroscopy

To check the electronic properties and valence state
information of transition metals, we prepare the reduced
SFCO in the same reactor. XAS of Fe and Co L edge and
O K edge spectra from 2A beam line, Pohang acclerator
laboratory (PAL), and spectroscopic ellipsometry (J. A.
Woollam Co.) are performed and analyzed with these
samples.

III. RESULTS AND DISCUSSION

Epitaxial SFCO thin films are deposited on the (001)
LSAT substrates by PLD. To observe the direct evidence
of reduction-driven structural phase transition at low tem-
perature, we perform real-time XRD as a function of
temperatures from room temperature (RT) to 375°C by
purging the heating chamber with N, gas. Figure 1(a)
clearly shows that discrete structural phase transforma-
tion takes place at a temperature as low as 200 °C. The
half-order peak from the reduced film provides clear evi-
dence for the formation of the brownmillerite structure,
since brownmillerite consists of stacks of alternating tetra-
hedral layers and octahedral layers. In addition, we obtain
reciprocal space maps of both cases, such as the reduced
brownmillerite SFCO (BM-SFCO) and as-grown oxygen-
deficient P-SFCO, as seen in Figs. 1(b) and (c). They
are visualized by lattice expansion along the out-of-plane
direction. We calculate that the lattice constant along the
out-of-plane direction of the P-SFCO is 3.9 A; however,
after loss of oxygen atoms in the lattices, the lattice con-
stant of the reduced film on the basis of the perovskite
unit cell is 4.0 A. It is worth noting that the in-plane lat-
tice constants are fully locked. After showing complete
phase conversion under a reducing condition, it is worth
mentioning how the structure is transformed as a function
of temperature. We can separate the structure into three
regions based on temperature: RT to 175°C, 175°C to
200 °C, and 200 °C to 375 °C, which is the highest tem-
perature in this real-time measurement. In the first region,
the structure of the as-grown P-SFCO is maintained as
an oxygen-deficient perovskite structure. In this region,
we do not observe any clear evidence of the formation of
brownmillerite structure, which can be evidence of oxygen
de-intercalation. We only observe the thermal expansion of
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FIG. 1. (a) Temperature-dependent XRD 6-26 measurements

under ambient N, gas. Reciprocal space maps from (b) as-grown
P-SFCO and (c) reduced BM-SFCO films under N, environment
around the 103 LSAT Bragg reflection.
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the lattice. The second region shows that new peaks form.
As the new peaks appear, the peak intensity of the per-
ovskite structure decreases. When it enters this region, the
formation of the brownmillerite phase is clearly seen from
the half-order peak and another peak near the substrate.
Therefore, two phases, such as oxygen-deficient perovskite
and brownmillerite structures, coexist. This similar coex-
istence of structural phases has been captured in similar
materials [10]. After complete reduction takes place, we
only observe the diffraction pattern corresponding to the
brownmillerite phase above 225 °C. This complete reduc-
tion is likely to originate from the nature of its mother
phases such as SrFeO, and SrCoO,. The Gibbs free energy
differences in these oxides are particularly lower at the low
temperature, so this moderate gas condition can trigger the
phase conversion at around 200 °C [9,20].

From the structural characterization using real-time
XRD, we observe the structural phase transition as the tem-
perature increases under the reducing conditions. In similar
topotactic oxides, it has been found that the structural
phase transition copes with the evolution of the electronic
structure [22—25]. We conduct XAS measurements to col-
lect other evidence of the oxygen-driven phase transitions.
XAS measurements are carried out with as-grown P-SFCO
and reduced BM-SFCO, which is annealed under N, con-
ditions. Figures 2(a) and 2(b) show the XAS spectra of the
Fe L edge and Co L edge of the P-SFCO and the BM-SFCO
we obtain in the total electron yield (TEY) mode. It is
expected that the number of electrons in the transition met-
als of BM-SFCO are greater than the number of electrons
in P-SFCO. This can be demonstrated by XAS of transi-
tion metal L edges, which is a sensitive probe for changes
in the valence state. In the Fe L edge in Fig. 2(a), from the
comparison of each L edge spectrum, the change is due to
changes of the oxygen content in SFCO thin films. Both
Fe L edge spectra have doubletlike structures, which are
typically seen in SrFeO, and La;-,Sr,FeOs3 [22,25]. The
doublet shape depends on hole doping and/or oxygen defi-
ciencies. As can be been in Fig. 2(a), each L, edge consists
of two peaks. One peak at the lower energy can be con-
sidered as a #,, state, while the peak at the higher energy
can be considered as an e, state [26-28]. It is easily seen
that the relative intensity of the e, state is decreased by the
reduction process, since holes in the e, state are replaced
by electrons. The decrease of the relative intensity is trig-
gered by the gain of electrons in the e, state, which means
that there is a loss of oxygen in the P-SFCO. As we have
confirmed with real-time XRD, when oxygen is released
from the film, the number of electrons in Fe increases. The
increase of electrons leads to the decrease of empty orbitals
in the e, state. This reduces the probability of exciting elec-
trons from the 2p level to the 3d e, level. This results
in a decrease in the intensity of the peak corresponding
to the e, level. We compared our results with M. Abbate
et al. [22] to confirm the change in the e, level. In our
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FIG. 2. (a) Fe L edge spectra, (b) Co L edge spectra, and (c)
O K edge spectra of P-SFCO and BM-SFCO films by XAS. (d)
Optical conductivity spectra of the as-grown P-SFCO and BM-
SFCO thin films. The differences in optical conductivity spectra
can be clearly seen. The inset shows the difference in extracted
direct-optical band gap energies.

results, we clearly observe the inversion of peak intensity
on reduction. In addition, we calculate the integrated peak
intensities of e, (Ig) and t, (I4) by the peak deconvolu-
tion of each spectrum. We calculate 1,q/(1.q + I12¢) to see
the relative changes in intensity. It is clearly seen that the
value changes from 0.89 to 0.73. Through the Fe L, edge
spectrum analysis, we can confirm that the valence state of
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Fe is reduced through the reducing condition. This result is
consistent with previous results from ferrites [22,25]. Even
though the amount of Co is much smaller than the amount
of Fe, we can observe the appreciable changes in the spec-
tra by viewing the oxygen loss. The Co L edge is shown
in Fig. 2(b). We can confirm the lower shift of Co L edges
upon the reduction. We quantitatively confirm the value of
the lower shift identified on the Co L edge based on previ-
ous studies. We compare the results of L. Karvonen et al.
[29] to confirm the change in the Co valence state. When
comparing the as-grown P-SFCO with the BM-SFCO, the
lower shift of the Co L edge measured by XAS is 0.25 eV,
which means that the valence state of Co decreases by 0.25.
We qualitatively determine the Fe L edge measurement and
quantitatively analyze the Co L edge to show that the low
temperature annealing in the N, condition is a reduction.
To see the direct evidence of changes in the oxygen
content of SFCO thin films in reduction, O K edge spec-
tra are additionally taken [Fig. 2(c)]. It is well known
that the prepeak in the O K edge spectrum is related to
the hybridization between transition metals 3d and O 2p
orbitals [9,25,29]. The prepeak intensity often reflects the
oxygen content. The spectrum from BM-SFCO shows a
weak prepeak, while that of the P-SFCO shows a prepeak
with a relatively high intensity. In addition to the intensi-
ties, the overall shapes of the prepeak from the BM-SFCO
and the P-SFCO are similar to the cases from SrCoO,,
SrFeO,, and La,-,Sr,FeO; [22,25,29]. Possibly due to the
B site content, the overall changes in shape are similar
to the changes in the SrFeO, (x =2.48-2.68) case. New
peaks are shown in Fig. 2(c). Through this, we are able to
confirm that the oxygen actually escapes via the reduction
reaction. Those changes in the samples are strong evidence
of the reduced oxygen content in the film after exposing
it to N, gas at a low temperature. Finally, from the O K
edge spectrum, an unoccupied state near the Fermi level
is possibly visualized [30—32]. It should be pointed out
that the oxidation prepeak starts at the lower energy. This
reflects the shift of the DOS of the empty band toward
the Fermi level. This implies the possible reduction of the
band gap upon oxidation. Figure 2(d) shows the optical
conductivities of two films obtained by spectroscopic ellip-
sometry. From the peak deconvolution, four distinct peaks
are shown. These peaks are categorized into two groups.
a and B are dominant in the spectrum of the P-SFCO
film, while y and § are dominant in the spectrum of the
BM-SFCO thin film. Among the transition features, the
transition at the lowest energy from the P-SFCO is at
1.4 eV. However, the peak position at the lowest energy
from the BM-SFCO is located at a much higher energy.
The peak of y is at 2.9 eV. The clearly different peak fea-
tures of P-SFCO and BM-SFCO infer a possible difference
in band gap energy in these two oxides. The absorption
coefficient, a, is determined using & from our spectroscopic
ellipsometry data to extract the optical band gap. The

absorption coefficient is scaled as @ to extract the direct
band gap energy as shown in the inset of Fig. 2(d). From
the plots, we can deduct that the band gap energy is about
2.6 eV at BM-SFCO and 2.1 eV as a maximum at P-SFCO,
respectively.

After confirming structural and electronic phase transi-
tions from Figs. 1 and 2, we investigate the reversibility
of the phase transition. Real-time XRD measurements are
conducted at 375 °C in Fig. 3(a). Because we ramp up the
temperature in N, the film is initially in the brownmillerite
structure. The structure is maintained and there is no struc-
tural degradation at 375 °C, as can be seen in Figs. 1(b)
and 1(c). We change the gas environment from a reducing
condition to an oxidizing condition by putting dry air into
the heater. We immediately observe the formation of new
diffraction patterns with the peaks corresponding to the
perovskite structure. This indicates the phase coexistence
of both P-SFCO and BM-SFCO. After about 25 min, full
phase conversion to the P-SFCO is complete. After con-
firming no further phase transformation, we start to change
the gas type back to N,. Lattice expansion immediately
starts, but no vacancy-ordered structure is observed. This
indicates an immediate loss of oxygen in the film. How-
ever, with a continued N, supply, it reverts back to BM-
SFCO. This confirms a reversible redox-driven topotactic
phase transition. An additional reversibility test is per-
formed and can be found in Fig. S1. [33]. From the test, it
is obvious that the topotactic phase transition is reversible.
Note that this change leads to a change of the optical band
gap. We confirm the phase transition through real-time
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FIG. 3. (a) Gas-type-dependent real-time XRD 6-26 measure-

ment at 375°C. (b) Schematic diagram of reversible redox
reaction in SFCO.
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Each red tone (P-SFCO) and blue tone (BM-SFCO) line shows
experimental data and black circles show the simulated results.
(b),(c) show changes in thickness and electron SLD values for
SFCO layers under each condition, respectively.

XRD at atmospheric pressure. As shown in Fig. 3(b), ini-
tially, the octahedra and tetrahedral structures are stacked
in the brownmillerite structure and show a half-order peak
on XRD. When oxygen enters a part of the tetrahedra and
the boundary of each layer becomes blurred, the half-order
peak is not observed on the XRD. After changing back to
the reducing condition, a structural phase transition back
to brownmillerite takes place. This gives weight to our
arguments that the transition occurs because of the Gibbs
energy difference. The smaller difference is likely to the
main driver for this reversibility.

After getting evidence of an oxygen-mediated phase
transition, we additionally perform reflectivity measure-
ments to determine what other parameters can be changed
in these reversible transitions . Real-time XRR measure-
ments are also performed by changing the gas in the
following manner: N, air, and N,. Figure 4(a) shows the
reflectivity curves and there are two differences: the change
of the critical angle and the interval between fringes. The
critical angle is related to the density of the material.
The interval between fringes is related to the thickness of
the layer. We fit the data with the GenX [34] to check
the thickness, roughness, and density of the SFCO film
upon the phase transition. The fitted data are included in
Figs. 4(b) and 4(c). Even though changes of the lattice con-
stant according to the oxygen content were well known
[35-40], the total thickness changes as the oxygen con-
tent changes have not been explored. In addition, the XRR
can be a sensitive probe to show any signature of unre-
acted layers or chemically different layers along the depth

direction [41]. This can be seen from additional modula-
tion in the XRR spectra. We analyze our reflectivity data
and all the data show Kiessig fringes without any modu-
lation, which demonstrates that redox reactions are taking
place through the entire films. From the fitting, it is con-
firmed that the total thickness also changes with gas type.
As can be seen in Fig. 4(b), SFCO in N, have a thick-
ness of 37.3 nm. With the lattice constant, we see that
the BM-SFCO consists of about 93 layers. Interestingly,
the calculation of the number of layers by XRR and XRD
during redox reactions results in 93 layers, which demon-
strates that the reactions take place in the entire volume
as well as confirming there is no loss of the elements dur-
ing the reactions. After putting in air, it is clearly seen that
the thickness decreases to 36.3 nm. In perovskite, oxygen
intercalation leads to the reduced unit cell volume. This
fact is clearly shown in the reduction of the total thickness.
After the intercalation, we put N, back into the heater and
the total thickness changes back to 37.2 nm. In addition,
we extract the changes of electron scattering length density
(SLD) under the gas condition. Since the SLD is closely
related to physical density, this is another indication of
oxygen insertion or desorption. In Fig. 4(c), as we expect,
more oxygen in the lattices results in a higher SLD. We
check the thickness, roughness, and density of the fittings,
and find that there is no abnormality when the different data
sets show the change of the oxygen content.

IV. CONCLUSIONS

In conclusion, we clearly observe redox-driven
nanoscale topotactic transformations between electroni-
cally, structurally, and chemically distinct SFCO phases at
low temperature. The phase transition can occur at suffi-
ciently low temperature as well as under the flow of dif-
ferent gas species, as shown by real-time x-ray scattering
techniques. From the ex sifu characterization, we unam-
biguously observe that the two phases are chemically and
electronically distinct from x-ray absorption spectroscopy
and spectroscopic ellipsometry. These reversible redox-
driven topotactic transformations at low temperature and
atmospheric pressure indicate that SFCO can potentially
be a cathode material for low-temperature solid-oxide fuel
cells. In addition, the ease of changing the oxygen content-
driven phase transition via different gas flows will be a
viable tool to tune the physical properties as well as an
important strategy for low-temperature mixed electronic
and ionic conduction in energy applications.
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