'.) Check for updates

RESEARCH ARTICLE F

Facile Pathways to Synthesize Perovskite Strontium
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. - . . . 1. Introduction
Topotactic phase transition obtains extensive research attention due to

its associated rich physics as well as a promising potential application. Over the last few decades, transition metal

Particularly, the oxygen incorporation into brownmillerite oxides leads to oxides (TMOs) have been demonstrating
the structural transition into perovskite oxides with distinct magnetic and great potential for novel functional devices
electronic properties. Using brownmillerite SrCoO, 5 (BM-SCO), two novel due to their rich properties, such as super-

conductivity, colossal magnetoresistance,
multiferroic, electrocatalysis, and solid
oxide fuel cells.'™! Multivalence TMOs
have attracted extensive research atten-

pathways are revealed to achieve the topotactic phase transition into its
corresponding perovskite SrCoO; (P-SCO). It is demonstrated that by using
aqueous alkali as the electrolyte during gating, the negative biased voltage

triggers a rapid transition into P-SCO, which is attributed to the presence tion for their electronic and magnetic
of strong oxidizing hydroxyl radicals. While surprisingly, it is observed that properties, largely originating from their
the acid solution with rich protons can also trigger an unexpected phase flexible (tunable) valence state of TM

ions. Recently, the topotactic phase transi-
tion through oxygen evolution obtained a
revival of research interest in manipulating

transition from BM-SCO into P-SCO in a much faster manner. With density
functional theory calculations, this transition is elucidated as a proton-assist

ionic disproportionation, in which the Co ions are simultaneously oxidized the valence state of TM ions with TMOs
and reduced, while the latter one is dissolved within the solution. These case through the manipulation of the oxygen
studies not only achieve a deep understanding of the structural phase transi- content, which demonstrates promising

potential application in energy conversion,
smart window, and particularly neuromor-
phic computation devices.[*]

Strontium cobalt oxides are a model
system of multivalence TMOs, in which
a pronounced topotactic phase transition between brownmill-
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question becomes particularly important considering the fact
that it remains largely unresolved for the mechanism of the
ionic-liquid-gating (ILG) induced oxidization. Furthermore, a
recent study!®! reveals that BM-SCO is dissolvable within weak
DOI: 10.1002/adfm.202210377 acids and thus can serve as a promising sacrificial layer for the
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Figure 1. a) lllustrations of structural phase transition from Brownmillerite SrCoO,s (BM-SCO) to perovskite SrCoO; (P-SCO) through different
methods. b) Schematic illustration of electric-field-induced oxidation of BM-SCO through aqueous alkali gating (AAG). c) Phase transitions from

BM-SCO to P-SCO through acid solution reaction (ASR).

fabrication of high-quality freestanding oxide thin films. Nev-
ertheless, the structural transition of the BM-SCO within acid
with proton remains unexplored.

In this work, we demonstrated two novel pathways to trigger
the oxygen ionic evolution within BM-SCO, leading to the phase
transition into P-SCO (Figure 1a). We revealed that the aqueous
alkali gating (AAG) could trigger a rapid phase transition due to
the presence of strong oxidizing hydroxyl radicals (Figure 1b).
While surprisingly, the acid solution can also lead to a distinct
structural transition into P-SCO phase, which was termed as
acid solution reaction (ASR) method in this study (Figure 1c).
These two newly developed methods show unprecedented reac-
tion and phase transition rates than previous methods, which
therefore enrich the pathways to manipulate the oxygen ionic
evolution for TMOs.

In this study, we first prepared high-quality BM-SCO thin
films with a thickness of =30 nm through pulsed laser depo-
sition on (001)-oriented (LaAlOs)g3-(SrAlysTays03)g7 (LSAT,
a = 3.868 A) substrates (see Experimental Section). The as-
prepared samples show an excellent crystalline quality with the
atomic stacking of oxygen tetrahedra and octahedra along the
film normal, as evidenced by the superlattice peaks of the X-ray
diffraction (XRD) results. With these films, we then explored
various strategies to achieve the phase transition from BM-SCO
to P-SCO.
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2. Results

First, to verify the influence of the hydroxyl radical during the
phase transition, we carried out similar gating measurements
as the previous ILG study™ while using the 0.1 m KOH solu-
tion as the liquid electrolyte. The in situ voltage dependence
XRD studies reveal that the topotactic phase transition occurs
at a critical voltage of —0.6 V, which is clearly lower than the
value (i.e., =1.0 V) required for the ILG method'? (Figure 2a).
Furthermore, the phase transition time is = 2 min with a gating
voltage of —1 V, which is much faster than the previously
employed ILG method even with a larger gating voltage./?
Surprisingly, we found that by simply soaking the BM-SCO
thin film into an acid solution (36% acetic acid (HAc)) at room
temperature for an extremely short time of 2 s, a distinct struc-
tural transition can be triggered, as shown in Figure 2c. This
XRD result is very close to that obtained with the ILG and AAG
methods. To ascertain this structural transition, we performed
detailed long-range XRD scans for samples obtained from both
AAG and ASR methods. To provide a suitable reference, we
also measured the P-SCO sample obtained through the ex-situ
ozone annealing (EOA) method, in which the BM-SCO was
annealed in an ozone atmosphere at 300 °C for 40 min.?! In
the XRD results shown in Figure 2d, the as-grown BM-SCO
thin film shows a series of characteristic superlattice peaks,
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Figure 2. a) in situ voltage-dependent X-ray diffraction (XRD) studies of AAG-induced phase transition at various negative voltages. b) in situ time-
dependent phase transition through the AAG method at —1V. ¢) 26-@ scans of samples after different times of ASR. The experiments were carried out
within HAc (36%). d) Comparison of large-range X-ray 26- scans for as-grown BM-SCO and P-SCO thin films obtained through different methods.

The substrates employed are LSAT (001).

which are attributed to the alternating stacking of the oxygen
octahedra and tetrahedra. While for all the other samples
obtained from AAG, ASR, and EOA methods, we obtained very
similar XRD results, with the completely disappeared superla-
ttice peaks as well as right-shift of thin film peaks, providing
strong evidence for the structural transition from BM-SCO to
P-SCO. Moreover, the reciprocal space mapping and rocking
curve measurements further confirmed the excellent crystalline
quality of these P-SCO thin films obtained from both AAG and
ASR methods (Figure S1, Supporting Information).

A detailed analysis of the XRD data (Figure 2d) reveals that
these P-SCO samples show slightly different diffraction angles,
indicating distinct c-lattice constant due to their varied oxygen
contents, which is widely observed for P-SCO with an oxygen
vacancy-induced lattice expansion.’®l To assess the physical
properties of these P-SCO samples obtained from AAG and
ASR methods, we performed both magnetic and electrical char-
acterization. Distinct from the antiferromagnetic BM-SCO with
zero magnetization, both P-SCO thin films show well-defined
hysteresis loops, suggesting the development of a ferromag-
netic state through the phase transition (Figure 3a). Notably, the
sample obtained from the ASR method shows a slightly smaller
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saturated magnetization as compared with the one obtained
from AAG method. Such difference can be further resolved
from the temperature-dependent measurements (Figure 3b),
in which the transition temperatures are 200 K and 240 K for
the ASR and AAG samples, respectively. Both these values are
smaller than the previous results obtained from the ozone-
annealed P-SCO and SrCoOj single crystal.l’”l As the robust fer-
romagnetic state is strongly correlated to the double-exchange
coupling among the high valent Co ions,®3% we attribute this
slightly reduced magnetism to the presence of oxygen vacan-
cies within the obtained P-SCO samples,**!] with more vacan-
cies formed in the ASR sample as compared with the AAG and
EOA samples. Such difference is consistent with the structural
difference, in which the sample with more oxygen vacancy
demonstrates a larger lattice expansion.*l

To investigate the electrical properties of both P-SCO thin
films, we carried out the temperature-dependent resistivity
measurements as shown in Figure 3c. These two samples show
a significantly reduced resistivity compared with the BM-SCO
film, which is more than three orders of magnitude at room
temperature. These results again indicate that both methods
transform the insulating BM-SCO into conducting P-SCO.
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Figure 3. a) Magnetic hysteresis loops of BM-SCO and formed P-SCO thin films. The measurements were carried out at 20 K with the magnetic field
applied within the film plane. b) In-plane temperature-dependent magnetization for different samples. The measurements were carried out with a
magnetic field of 0.1 T after a field cooling from 300 K to 20 K at 2 T. ¢) Temperature-dependent electrical resistivity of pristine BM-SCO thin film and
formed P-SCO thin films through AAG and ASR methods. The ex-situ ozone annealing (EOA) sample is also shown for comparison. d) Soft X-ray
absorption spectra (sXAS) at Co L-edges for as-grown BM-SCO and formed P-SCO thin films through different methods.

Specifically, the metallic property of the AAG sample is very
close to that of the EOA sample, with a negligible temperature
dependence, while the ASR sample shows a semiconducting
behavior in which the resistivity increases with the decrease
of the temperature. These changes can also be resolved from
the optical measurements. As shown in the inset of Figure 3c,
all P-SCO samples show blackish colors, while the BM-SCO is
brownish, suggesting the different electronic structures. While
among the P-SCO samples, the different contrasts should be
attributed to the distinct metallicity, in which the Drude fea-
ture is strongly suppressed with a spectra weight transferred to
higher photon energy in the less conducting P-SCO samples. 3"

We note that the previous study reveals an insulator-to-
metal transition occurs around the oxygen vacancy concentra-
tion range of & = 0.1,] and therefore we speculate that the
oxygen content within our P-SCO samples should be within
this range. To provide direct insights into the electronic states,
we performed valence-state-sensitive soft X-ray absorption
spectroscopy (sXAS) at the Co L-edges. As shown in Figure 3d,
we observe distinct spectra for all P-SCO samples compared
to the reference BM-SCO samples, indicating the high valence
state in Co ions through the phase transition.* Notably, there
is a slight but detectable red-shift of sXAS peak positions (at
both L; and L,) for the ASR samples as compared with both
the AAG and EOA samples, which should be attributed to
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the different oxygen stoichiometries among these P-SCO
samples.*!

Thermostability experiments provided further evidence of
distinct oxygen stoichiometry among these samples (Figure S2,
Supporting Information). Figure S2d (Supporting Information)
shows a summary of the transition temperatures from P-SCO to
BM-SCO upon heating within an argon gas environment. Spe-
cifically, both the EOA and AAG samples show a similar critical
temperature of = 230-240 °C, which is close to the previously
reported value of 210 °C obtained from thermal annealing.[!®l
Nevertheless, the ASR sample shows a dramatically reduced
critical temperature of 170 °C. With these results, we could
deduce that the phase transition temperature is inversely pro-
portional to the oxygen vacancy content within the P-SCO
sample (as shown in Figure S2d, Supporting Information).
Another feature closely related to thermostability and oxygen
stoichiometry is the morphology of the P-SCO thin films. Com-
pared with the as-grown BM-SCO, which possesses an atomic
smooth morphology (Figure S3a, Supporting Information),
the P-SCO samples show an interesting correlation with the
methods employed. Specifically, the sample obtained from EOA
reaction shows a negligible change in the sample morphology
and maintains nicely the atomic smooth surface (Figure S3b,
Supporting Information). While for the sample obtained from
AAG method, some small particles can be clearly visualized
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from the sample surface (Figure S3c, Supporting Information),
which might be related to the electrochemical corrosion. Finally,
for the sample obtained from ASR method, the sample shows a
ravine-like feature (Figure S3d, Supporting Information), which
could be attributed to the strong chemical reactions.

We note that the AAG method shows a much-enhanced
phase transition rate as compared with the ILG method, which
points to distinct underlying mechanisms for these topotactic
phase transitions. We first carried out a series of controlled
experiments to clarify the role of hydroxyl ions during the
AAG method. We note that in the conventional ILG-induced
oxidation measurements, it is revealed that the residual water
content (=100 ppm) within the ILG is essential for phase transi-
tion as it provides the source of both oxygen and hydrogen ions
through the water electrolysis process. Therefore, the critical
gating voltage (=1.5 V)['?l is determined by the water electrolysis
process. While, within the aqueous alkali of 0.1 m KOH solu-
tion, the presence of hydroxyl ions can turn into the hydroxyl
radical and then molecular oxygen, the most reactive species
of oxygen, through the electrochemical reactions. As shown in
Figure S4a (Supporting Information), with a gating voltage of
—1V and deionized water as an electrolyte, no phase transition
can be triggered with a gating duration of 10 min. However, by
slightly increasing the concentration of KOH to 0.001 M, the
structural transition can be readily triggered. Notably, the tran-
sition process becomes robust for even stronger alkali solutions
(e.g., 0.1 M KOH). We propose the following electrochemical
pathway for the topotactic oxidation process:

4S1Co0,5+20H"™ — 4S5rCoO; + 2H,0 + 2e~ (1)

During this reaction, the abundant hydroxyl ions (OH")
within the KOH solution, as compared with that in the ionic
liquid, promote the reaction rate, leading to reduced critical
voltage and enhanced oxidation speed.

Since the acid solution is widely employed as a reducing
agent, leading to the reduction of complex oxides, it is
intriguing to discover the transition from BM-SCO to P-SCO
in this study. To clarify the underlying mechanism, we first car-
ried out a series of controlled experiments to understand the
relationship between the concentration of proton (1<pH<7)
and the phase transition. We found that for pH values >5, the
phase transition is hardly observed, while for the solutions with
lower (<4) pH values, the phase transition occurs within 15 s
(Figure S4b, Supporting Information). Interestingly, the reac-
tion can occur in all tested acidic solutions (HAc, HCI, H,SO,,
and even carbonated drinks) with enough proton concertation
(pH value), regardless of the anions (Figure S4c, Supporting
Information). Since the protons are very reductive, they would
not trigger the oxidizing reaction alone. Then one might specu-
late that the oxidizing phase transition occurs with the assis-
tance of the protons through a possible chemical pathway as:

-
4SrCo0, 5 + 0, > 4SrCo0O; (2)

In this process, the proton acts as the catalyst, which may
reduce the oxygen adsorption and activation energies during
the oxygen reduction reaction(ORR).! In this pathway, the
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source of oxygen should be attributed to the dissolved oxygen
molecules within the solution. To verify this scenario, we car-
ried out a controlled experiment to trace the oxygen evolution
with isotope oxygen as a tracer. We first introduced a large
amount of 180, molecules within both H,SO, (0.02 m) and HAc
(36%) solutions by inletting the gas flow (50 sccm for 3 min)
within the solution. Then the BM-SCO sample was treated
with this prepared acid solution, and a P-SCO sample was
obtained. Finally, we carried out secondary-ion mass spectrom-
etry (SIMS) measurements to probe the 0 contents within the
sample. However, a negligible amount of 0 was determined
(Figure 4a; Figure S5, Supporting Information), which can then
safely exclude the participation of O, molecules during this
phase transition.

Therefore, this controlled study further single out the pro-
tons as the dominating parameter for the observed phase tran-
sition. Accordingly, we proposed acid dissolution as a possible
pathway. This hypothesis is supported by the experimental
evidence that the thickness of ASR-induced P-SCO is sig-
nificantly reduced compared with the initial BM-SCO sample
(Figure 4b), indicating the dissolution of the thin film during
the transition. In strong contrast, the P-SCO (with the Co octa-
hedra, Co,) is more stable against the acid solution, with the
crystalline structure preserved for a time duration of =1 min
(Figure S4d, Supporting Information). While for longer soaking
time (e. g., 5 min), the XRD peak for P-SCO totally disappears,
which indicates that the whole sample is dissolved within the
solution. This result demonstrates that the resistance of Co
(Co tetrahedra) and Co, to the acid are extremely different,
and the Co, is considered as an active site for acid dissolution.
Given that the only form of Co ions in acid solution is Co®",*]
we propose a charge disproportionation process as summarized
below:

2SrCo0,5 +4H" — SrCoO; + Sr** + Co** +2H,0 (3)

For this redox reaction, the BM-SCO reacts with the protons,
and half of the Co ions are reduced to dissolvable Co?", while
the other half is oxidized into Co*" in the form of P-SCO. To
verify this mechanism, we measured the elemental concentra-
tion within the solution using inductively coupled plasma-Mass
Spectrometry (ICP-MS). We chose 4 mL sulfuric acid (c[H*] =
0.01 mol L7} as acid solution and then soaked the BM-SCO
film (with a thickness of 26 nm and an area of 25 mm?) within
the solution for 15 s. The subsequent ICP-MS measurements
reveal a substantial amount of Co ions (2715 nmol L™V within
the acid solution after the reaction, which is consistent with
the theoretical value of 2269 nmol L™ calculated based on our
proton-assist ionic disproportionation model.

Additionally, density functional theory calculations (see
Experimental Section) were performed to provide further
insights into this exotic transition. Theoretical results reveal
that the acid-catalytically-assisted oxidation process (Equation 2)
is an endothermic reaction, indicating that this reaction cannot
occur spontaneously. In contrast, the surface oxidation and acid
dissolution processes are exothermic and could occur sponta-
neously within the acid solution. Specifically, the spontaneous
oxidation reaction of the Co—O plane in the surface tetra-
hedral (Coy) layer (as illustrated in Figure S6a,b, Supporting
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Figure 4. a) Depth profiles of 0 and isotope '¥O within P-SCO sample obtained with the ASR method. A** signal was employed as a marker for the
interface position. b) X-ray reflectometry (XRR) measurements and the corresponding fittings for as-grown SCO thin film and its counterpart P-SCO
thin film obtained with ASR. c) Comparison of energy evolution for various possible processes during ASR method and the relative oxygen vacancy
formation energies at Co,; and Co,. These results were obtained from density functional theory calculations. d) Schematic illustration of reaction

steps in ASR through the acid-induced dissolution process.

Information) requires hydrogen ions, electrons, and oxygen
vacancies. Thus, the oxidation of the surface Co—O plane could
be described in the following steps (Equation 4,5):

(Co0),+0,+2H" +2¢” — (C00,)(Co0)+H,0 (4)
(C00,)(Co0)+0, +2H" + 2~ — (C00,)(Co0,) + H,0 (5)

Although this process is exothermic, the lack of extra elec-
trons in this electrically neutral system puts an insurmount-
able challenge for this proposal, making the surface oxidation
process unlikely. Indeed, it is also against our experimental evi-
dence of the isotope oxygen evolution (Figure 4a).

Nevertheless, we found that the acid dissolution reaction
(Equation 3) was also exothermic (Figure 4c). Noting that the
BM-SCO sample possesses both Coy, and Co, polyhedral
units, we further explored their relation to the P-SCO forma-
tion by evaluating the corresponding oxygen vacancy forma-
tion energy (Figure S7, Supporting Information). As summa-
rized in the right panel of Figure 4c, there is a clear different
oxygen vacancy formation energy between Co,; and Co, with
the Coy having the lower oxygen vacancy formation energy by
0.3 eV. In other words, when in contact with the protons in the
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acid solution, the Co-O bonds within Coy, tend to break due
to the formation of additional oxygen vacancies. Notably, the
obtained Co?* is dissolvable within the water.

To obtain a clear picture of the acid-assisted dissolution
process, we prepared a thicker (80 nm) BM-SCO sample and
monitored its ASR-induced phase transition at short time
intervals. The XRD results show the emergence of a mixed
structure with both BM-SCO and P-SCO phases during the
reaction (Figure S8a, Supporting Information), which is in
strong contrast with the result obtained from thinner sample
(30 nm) as shown in Figure 2c. Since a larger sample (10 mm
x 10 mm, in Figure S8b, Supporting Information) shows a sim-
ilar result to the smaller one (4 mm x 4 mm), we attributed
the observed XRD results in Figure S8a (Supporting Informa-
tion) to phase separation along the film normal. With this, a
surface-to-bulk reaction model can be constructed, as shown
in Figure S8c (Supporting Information), and the whole reac-
tion process during ASR is illustrated in Figure 4d. Over this
process, the acid solution first dissolves the surface Co, layer.
Afterward, the oxygen vacancies migrate from the underneath
Coy; layer (with energy barriers of 0.81 eV and 1.21 eV for
the two steps as shown in Figure S6b,c, Supporting Informa-
tion) to form another surface Co,, layer to continue the reac-
tion. Consequently, such oxygen vacancy exchange leads to the
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formation of P-SCO underneath. Due to a relatively smaller
oxygen vacancy migration barrier with BM-SCO, we expect that
the oxygen vacancy exchange process will be extended through
the samples and eventually leads to the complete phase transi-
tion from BM-SCO and P-SCO. Due to such a strong chemical
reaction, the sample morphology is strongly deformed into
a ravine-like feature (Figure S3d, Supporting Information),
which is starkly in contrast with the atomic smooth surface of
the starting BM-SCO sample (Figure S3a, Supporting Infor-
mation). Furthermore, it is naturally expected that the sample
thickness will be dramatically suppressed along this process (as
illustrated in Figure S8c, Supporting Information).

3. Conclusion

In summary, we have successfully demonstrated two strate-
gies, AAG and ASR, to achieve the phase transition from
BM-SCO to P-SCO at a considerable reaction rate. The mag-
netic and electrical properties in the obtained P-SCO thin
films were systematically investigated, and their close corre-
lations with the valence state of Co ions and oxygen vacancy
concentration were revealed. Moreover, the underlying
mechanisms of these newly demonstrated methods were
carefully analyzed. Our study provides a deep understanding
of the chemical activity of the brownmillerite structure and
opens new pathways to manipulate the oxygen ionic evolu-
tion in complex oxide to design novel physical properties and
improved functionalities.
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Supporting Information is available from the Wiley Online Library or
from the author.
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