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% Check for updates Electrochemically inserting and extracting hydrogen into and from solids are

promising ways to explore materials’ phases and properties. However, it is still
challenging to identify the structural factors that promote hydrogen insertion
and extraction and to develop materials whose functional properties can be
largely modulated by inserting and extracting hydrogen through solid-state
reactions at room temperature. In this study, guided by theoretical calculations
on the energies of oxygen reduction and hydrogen insertion reactions with
oxygen-deficient perovskite oxides, we demonstrated that the oxygen vacancy
ordering in Sr(Fe;—Co,)O, (SFCO) epitaxial films can be stabilized by increasing
the Co content (x = 0.3) and revealed that it plays a key role in promoting
proton accommodation into the SFCO lattice. We also show that the electrical
resistance of SFCO films can be reversibly modulated by electrochemical
proton insertion and extraction, and the modulation exceeds three orders of
magnitude for Sr(Feg sCoq 5)0, 5 epitaxial films. Our results provide guidelines
for controlling material properties through the insertion and extraction of
hydrogen and for designing and exploring hydrogen-insertion materials.

Hydrogen insertion and extraction are promising methods for
exploring and controlling materials’ properties’™ because hydrogen
atoms (and protons) have relatively high mobility in solids, even at
room temperature. Recent investigations showed that electrochemical

reduction reactions, for example, those induced by hydrogen
spillover'®? and by hydrogen injection”?, can be utilized to insert
hydrogen into transition metal oxides. Furthermore, such hydrogen-
inserted oxides undergo phase transformations associated with the
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emergence of novel physical properties through electron donation
from the hydrogen atoms. However, it remains elusive as to which
structural factors of materials enable hydrogen insertion and extrac-
tion and enhance their effect. Moreover, it is still a challenge to
develop materials whose physical properties can be modulated by
inserting and extracting hydrogen via solid-state reactions at room
temperature.

Electrochemical redox reactions in transistor structures with
gate layers of electrolytes containing protons and water molecules
have been shown to be utilized for inserting and extracting hydro-
gen into and from solids like transition-metal oxides in a reversible
and non-volatile manner at room temperature'>'**>, We previously
showed that the perovskite strontium iron oxide SrFe0,s*® (SFO)
film channels whose oxygen vacancies (Vos) are randomly dis-
tributed undergo structural and resistance changes in response to
electrochemical injection and removal of hydrogen from the
Nafion/SFO interface in transistor structures with gate layers of
proton-conducting solid electrolytes (Nafion)'***. However, the
amount of hydrogen that could be accumulated in the SFO films was
limited to only ~ 0.1 per SFO formula unit cell, implying that elec-
trochemical hydrogen injection forms Vos and that not much
hydrogen accumulates in the SFO lattice. It is also worth pointing
out that among oxides with perovskite-derived crystal structures,
some oxygen-deficient oxides with ordered arrangements of Vs,
for example, SrCo0,5”", Baln0,s**, and GdBaCo0,0ss> can accom-
modate high concentrations of protons, suggesting that Vo order-
ing plays a role in hindering V, formation upon hydrogen injection
and promoting hydrogen accommodation in oxide lattices. An
important implication is that controlling the arrangements of Vs is
key to developing oxides that can accommodate hydrogen and
exploring properties resulting from hydrogen insertion and
extraction.

In this study, guided by density functional theory (DFT) calcula-
tions on the energies of oxygen reduction and hydrogen insertion
reactions with oxygen-deficient strontium ferrite SrFeO,, and stron-
tium cobaltite SrCoO,, we show that the oxygen vacancy ordering in
Sr(Fe;xCo,)0,, (SFCO) epitaxial films, characteristic of the brownmil-
lerite structure, can be stabilized by increasing the Co content (x = 0.3)
and that it promotes proton accommodation into the SFCO lattice. We
also show that electrochemical proton insertion and extraction can
modulate the electrical resistance of SFCO and that the modulation
exceeds three orders of magnitude for Sr(FegsCoos)O,s epitax-
ial films.

Results and discussion

To get insight into the preference between Vo formation and
hydrogenation of oxides upon H insertion, we chose oxygen-
deficient strontium ferrite SrFeO,, and strontium cobaltite SrCoO,
(2.5 <y <3) as model materials (Crystal structures of SrMOy (M = Fe
and Co) in the Supplementary Information). To elucidate the Vg
formation in SrMO,, (M =Fe and Co) upon H insertion, the oxygen
reduction energy (E.eq) is evaluated as the reaction energy of the
following reaction

SrMO,, +6H, — StMO,,_ +6H,0 @
The reduction energy per H, is then calculated as

Freg= % [E(Srmoy_5) +6E (H,0) — E(SrMOy) - 6E(H2)] @

where E(SrMO,), E(H,0), and E(H,) are the total energies per formula
unit of SrMO,, isolated H,0, and isolated H,, respectively. Note that § is
0.125, whereas we employed 6=0.25 to evaluate the reduction of
SrMO, 75 to SrMO, 5.

On the other hand, the hydrogen insertion energy needed for

StMO,, (£yy) to become hydrogenated phases (HpsSrMO;s,
Ho.06STMO3 .75, Ho.06STMO5 575) per H; is defined as
1
En= 503 {E(HO_%erOy) - E(SrMOy) - 0.03E(H2)} 3)

Here, £E(Hy06STMO)) is the energy per formula unit of the hydro-
genated phase of SrMO,, We modeled Hg 0¢SrMO,, (y=2.5, 2.75, and
2.875) by adding a single H atom to the SrMO,, supercell (Hydrogena-
tion of SrMOy, (M = Fe and Co) in the Supplementary Information). The
H insertion amount of 0.06 per the SrMO, formula unit (Ho 06SrMOy)
was selected because, in the experiment'>", the H insertion amount in
the SrFeO,, film was found to be ~ 0.1 H per the SrFeO, formula unit.

Figure 1 plots Ereq and Eyy of StMO,, (M = Fe and Co) as a function of
oxide oxygen stoichiometry (y). It should be noted that Srz;M;Og
(M =Fe and Co) is considered a crystal structure with 2.5 <y <2.7, but it
was found to be stable only for the M = Co case. Therefore, it was not
included in Fig. 1. More details of the SrsM3;0g (M =Fe and Co) struc-
ture and its stability are provided in Thermodynamic stability of
SrFeO, and SrCoOy and Supplementary Fig. S2 in the Supplementary
Information. The reduction of SrMO, (y>2.7 and M = Fe and Co) to
lower O stoichiometry structures by the formation of V,, is preferable
because the F..q's are significantly negative and almost constant. On
the other hand, the reduction of brownmillerite SrMO, 5 is unlikely.
The thermodynamic stability of SrFeO,, and SrCoO,, is elucidated by
calculating the free energy of Vo formation. (Details of our calculations
are shown in Thermodynamic stability of SrFeO, and SrCoO, and
Supplementary Fig. S2 in the Supplementary Information). We find
that SrFeO,, with the perovskite structure (y=2.75 and 3.00) is stable,
while SrCoO, with the brownmillerite structure (y=2.50) is stable at
T=300K and under a wide O, pressure between 107 to -~ 0.2 atm. We
can thus conclude that SrCoO, tends to have the brownmillerite lattice
with Vp ordering, while SrFeO,, tends to have the perovskite lattice with
Vo disordering at room temperature.

Here, we discuss the energetic preference between the Vo for-
mation (Eeq) and hydrogenated phase formation (£y) in SrFeO, and
SrCoOy, upon H insertion. For SrFeO,, with the perovskite structure
(v>2.7), Erea < Ey, indicating that the Vo formation in SrFeO, is the
main reaction upon H injection. At y=2.5 (SrFeO,5s), 0 <Ey <FEieq,
showing that neither the Vo formation nor the hydrogenated phase
formation is preferable. In contrast, for SrCoO,, (y>2.7), both V,, for-
mation and hydrogenation of SrCoO, are preferable because
Ey<Eeg<—2eV. At y=2.5 (SrCo0,5), the hydrogenation of SrCo0, s
becomes the main route upon H insertion because the hydrogenated
phase is stable with Fy=-2.91eV, while the further reduction of
SrCo0, 5 is unlikely (E;eq =— 0.46 eV). Our DFT calculation results raise
the possibility that oxygen vacancy ordering in Sr(Fe;_.Co,)O, (SFCO),
which would promote hydrogen accumulation in their lattices, can be
achieved by adjusting the B-site (Fe and Co) cation composition.

To test our idea, we fabricated SFCO epitaxial thin films with a
thickness of ~50 nm on (LaAI03)0.3'(SrAlO.5T30.503)0.7 (LSAT) (001)
single crystal substrates by pulsed laser deposition at a substrate
temperature of 700 °C and under oxygen pressure of 100 mTorr. To
see how the crystal structures of the SFCO films depend on the B-site
cation composition, we carried out cross-sectional high-angle annular
dark-field (HAADF) and annular bright-field (ABF) imaging in
aberration-corrected scanning transmission electron microscopy
(STEM). Figure 2 shows HAADF- and ABF-STEM images of SFO, SFCO
(x=0.5), and SCO films. As expected from the thermodynamic stability
calculation in Supplementary Fig. S2 and the fact that our films were
grown under relatively high oxygen pressures (-100 mTorr), the SFO
films have the perovskite structure, and the Fe-Fe and Sr-Sr distances
are homogeneous (Fig. 2b, ¢), in agreement with previous reports'>'**°,
In addition, we can see additional image contrasts in the ABF image
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Fig. 1| Theoretical investigation of oxygen reduction and protonation of StFeO, and SrCo0,.. a Oxygen reduction energy (E.q) and hydrogen insertion energy (Ey) of
SrMO,, (M =Fe and Co) as a function of oxide oxygen stoichiometry (y). (b-e) Crystal structures of SrMO,, were employed to evaluate Feq and Ey.

corresponding to oxygen atomic columns, whose positions are con-
sistent with those expected from the corner-shared oxygen octahedra
in the perovskite structure projected along the [110] direction (Fig. 2c).
Our previous ¥Fe Mossbauer measurements showed that the Fe
valence state in perovskite-structured SFO epitaxial films was deter-
mined to be +3.66, and thus, the oxygen content was ~ 2.8%, which also
supports that our fabricated SFO film has the perovskite structure with
disordered oxygen vacancies (i.e., SrFe0,g). On the other hand, as can
be seen in the HAADF- and ABF-STEM images for the SFCO (x = 0.5) and
SCO films (Fig. 2e, f, h, i), Co substitution in SFO films leads to spatial
modulation of the atomic distances characteristic of the brownmil-
lerite structure. The out-of-plane distance between the Sr and Fe(Co)
atoms is periodically modulated, and oxygen atomic columns undergo
concomitant changes associated with the formation of the oxygen
vacancy ordering, which is characterized as alternative stacking of the
oxygen tetrahedral (Fe,Co)O,4 layers and the octahedral (Fe,Co)Og
layers along the out-of-plane direction in the SFCO (x=0.5) and SCO
films. The Co-substitution-induced lattice modulations and oxygen
vacancy ordering can not be explained by lattice (bond length) mod-
ulations without the formation of oxygen vacancies previously
observed in perovskite cobaltites®. We also performed electron
energy-loss spectroscopy (EELS) elementary mapping for the SFCO
(x=0.5) film and confirmed that Fe and Co in the B-site in the x=0.5
film are disordered (Supplementary Fig. S7).

The perovskite-to-brownmillerite structural transformation
induced by substituting Fe with Co in SFCO films can be further con-
firmed by X-ray diffraction measurements. Figure 3a shows the 26/6
diffraction patterns for as-grown SFCO films with x=0, 0.3, 0.5, 0.7,
and 1.0. Regardless of the fraction of Co substitution, all films exhibit
the fundamental (O O 2),. reflection (pc denotes the pseudo-cubic
perovskite notation), thus confirming the epitaxial growth of SFCO
layers on the substrates. In addition, as shown in Fig. 3b, where the (0 O
3/2)pc superstructure intensity is plotted against the Co concentration,
the superstructure peaks begin to appear at 30% Co substitution and

develop with further increasing Co substitution. It should be noted
that superstructure peaks resulting from the oxygen vacancy ordering
are observed only along the out-of-plane direction, not along the in-
plane direction (Supplementary Fig. S5), indicating that the oxygen
vacancy ordering in the SFCO films grown on LSAT substrates forms
along the out-of-plane direction. Figure 3c shows the Co-substitution
dependence of the out-of-plane and in-plane lattice constants of the
SFCO films. The out-of-plane constant was determined from the
(002), reflection position, while the in-plane constants were deter-
mined from positions of the (11 4),,. SFCO reflection in the reciprocal
space mappings around the (2 2 8) LSAT reflections (Supplementary
Fig. S4). The out-of-plane lattice constant c,. (based on the pseudo-
cubic perovskite notation) is ~3.88A for the as-grown SFO films,
whereas it slightly increases with the Co substitution up to 50%, and it
jumps to 3.96 A at the 70% Co substitution. The in-plane lattice con-
stants in Fig. 3¢ also indicate that the SFCO films with Co substitution
up to 50% maintain the tetragonal structure whose in-plane lattices are
fixed by the substrate lattices. With further Co substitution, the in-
plane lattice constants ap. and by, of the SFCO films with x>0.7
become different from each other, as confirmed by the observation of
the (1 0 16) and (0 1 16) reflections (in the orthorhombic perovskite
notation) seen at different reciprocal space positions. (Supplementary
Fig. S4). Given that the brownmillerite structure of the bulk SrCoO, 5
has orthorhombic symmetry, our STEM and X-ray diffraction char-
acterizations indicate that increasing the Co composition in SFCO films
reduces the oxygen content from 2.8 to 2.5, leading to structural
transformation from the perovskite structure with disordered oxygen
vacancies (x<~0.3) to the brownmillerite structure with ordered
oxygen vacancies (x >~0.3). These observations are in good agree-
ment with the theoretical calculation results (Supplementary Fig. S2),
where the SrFeO, and SrCoO, are, respectively, predicted to be stable
in the perovskite (y>2.75) and brownmillerite crystal structures
(y=2.5) at T=300K and under a wide range of O, pressure between
10" and -0.2atm. The Co-substitution-induced reduction in the
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Fig. 2 | STEM characterization of as-grown SFCO films. Crystal structures

(a, d, g,j), cross-sectional HAADF- (b, e, h, k), and ABF-STEM images (c, f, i, I) for as-
grown Sr(Fe;_,Co,)Oy, films with x=0 (a, b, ¢), x=0.5(d, e, f), x=1.0 (g, h, i), and
LSAT substrates. The STEM images were taken along the [110] direction of LSAT
substrates. The crystal structure models were drawn using the VESTA program®. In
(a,d, and g), the green and red balls indicate Sr and O atoms, and the balls in oxygen
octahedra and tetrahedra correspond to either Fe or Co. In (j), the green, light blue,
beige, and red balls correspond to La/Sr, Al, Ta, and O atoms.

oxygen content and resultant changes in the hybridization between
Fe/Co 3d and O 2p states are also inferred from O-K edge X-ray
absorption spectroscopy for the as-grown SFCO films with x=0, 0.5,
and 1.0 (Supplementary Fig. S9).

To see how Co-substitution-induced structural changes affect
proton accumulation in SFCO films, we fabricated electric-field-effect
transistor structures with channels of SFCO thin films and gate layers
of proton-conducting electrolyte (Nafion membranes) and electro-
chemically injected protons into the SFCO channels by applying gate
voltages (Vgs). X-ray 26/0 diffraction patterns for SFCO films after
applying Vs of + 3.5V for 30 min are shown in Fig. 3a. Compared with
the diffraction patterns for as-grown SFCO films, the electrochemical

proton injections are found to result in an additional diffraction peak
and areduction in the intensity of the original SFCO (002),, reflections
whose positions also shifted toward the lower 26 side. In addition, the
(0 0 3/2)pc superstructures seen for the brownmillerite-structured
SFCO films exhibit changes concomitant with the protonation-induced
changes in their fundamental (002),, reflection, indicating that the
oxygen vacancy ordering of the brownmillerite lattice is maintained
during the protonation process. These results imply that the electro-
chemically injected protons accumulate into SFCO films’ lattices and,
as a result, form proton-containing phases of SFCO films.

To further corroborate the protonation of SFCO films, we per-
formed elastic recoil detection analysis (ERDA) at the 1.7 MV tandem
accelerator facility of the Quantum Science and Engineering Center,
Kyoto University. To quantitatively determine the proton concentra-
tion accumulated in the films, the ERDA spectra were simulated and
fitted by using the SIMNRA 7.03 software®. The typical ERDA spectra
for the films used for X-ray diffraction characterization and their fitting
results are shown in Supplementary Fig. S6. Figure 3d shows the Co
concentration dependence of the hydrogen concentration in SFCO
films protonated by applying Vgs=3.5V for 30 min. Although the
protonation in this study was achieved by voltage application through
the solid-state electrolyte Nafion membranes, in contrast to previous
studies®" that often utilized liquid electrolytes such as ionic liquids,
the H concentration of the SCO film reaches as large as 1.5 in our
protonation condition, indicating that the types of electrolyte do not
matter for the protonation. This H concentration is much larger than
that expected from the Co valence change from 3 + for SrCoO,5to 2 +
for the protonated film. A recent investigation' showed that neutral
H-H dimers could be stored in oxygen vacancy channels in the CoO,4
layers of SCO, allowing proton accumulation up to the H concentration
of ~ 2 per the formula unit of SCO. The H concentration accumulated in
our protonation condition is fairly close to the maximum H con-
centration and should be large enough to see how Co-substitution-
induced structural changes affect proton accumulation in SFCO films.
For the perovskite structured films (x <~0.3) whose oxygen content
decreases from 2.8 with the Co substitution, the H concentration
remains below ~0.3. On the other hand, for the brownmillerite-
structured films (x >~0.3) whose oxygen content is 2.5, the H con-
centration increases with the Co substitution. These observations are
consistent with the results of the theoretical calculation in Fig. 1,
highlighting that the oxygen vacancy ordering prohibits the formation
of oxygen vacancies upon electrochemical proton injections and
promotes hydrogen accumulation in the SFCO lattices. The lattice
expansion associated with H injection to the SFO film with disordered
oxygen vacancies is thus understood as a result of oxygen vacancy
formation. Given that a small amount of hydrogen is also accumulated
in the SFO lattice, the H injection transforms the SFO film to
HoSrFeO, 85 (whose oxygen content probably is close to 2.5). It
should be pointed out that in contrast to the SrCoO, s (SCO) films, only
a negligibly small amount of hydrogen is accumulated into the
brownmillerite-structured SrFeO, s films with our protonation condi-
tion (Supplementary Fig. S10), which agrees with the previous report®.
An important implication is that in addition to the oxygen vacancy
ordering, some other factors should also contribute to the H accu-
mulation in SrCoO, s, for example, changes in structural energy asso-
ciated with the protonation-induced lattice expansions and electronic
energy associated with electron transfer from hydrogen. Further the-
oretical investigations will be needed to fully identify factors that allow
SrCo0, 5 to accumulate large amounts of hydrogen. It might also be
worth noting that although the H concentrations of the SFCO films
with x=0.3~0.7 are somehow scattered due to uncertainties asso-
ciated with the fitting of ERDA spectra, the H concentration of the
x=0.5 SFCO film is slightly higher than that of the x=0.7 films. This
might be related to the fact that the x=0.5 film has a tetragonal
structure, and its brownmillerite orthorhombic distortion is
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Fig. 3 | Protonation of SFCO films. a X-ray 26/6 diffraction patterns for as-grown
(blue lines) and protonated SFCO films (orange lines). The films were protonated by
applying a gate voltage Vs of 3.5V for 30 min in transistor structures. The reflec-
tions indicated with the arrows originate from the protonated phase of SFCO films.
b-d Co-substitution-changes in (b) the intensity of the (0 0 3/2),. superlattice
peaks for as-grown SFCO films, (c) the out-of-plane and in-plane lattice constants
for as-grown SFCO films, and (d) hydrogen concentration for protonated SFCO
films. The in-plane lattice constants were determined from the (114),, reflection

positions in reciprocal space mapping measurements (Supplementary Fig. S4). The
lattice constants are plotted on the basis of the pseudo-cubic perovskite notation.
The hydrogen concentrations of the SFCO films used for the XRD (Fig. 3a) and XAS
characterizations (Fig. 4) were obtained from ERDA measurements and plotted
with the blue and red symbols, respectively. Error bars in Fig. 3d correspond to the
uncertainty in the hydrogen concentration calculated by fitting ERDA spectra. The
gray lines in (b, d) are guides for the eye.

suppressed compared to the x=0.7 film (Fig. 3c) because such struc-
tural modification would affect the energy necessary for proton
migration and diffusion through the CoO, tetrahedral and CoOg
octahedral layers.

To evaluate how the proton accumulation affects the electronic
structure of SFCO films, we carried out synchrotron X-ray absorption
spectroscopy (XAS) for as-grown, protonated, and de-protonated
SFCO films (x=0, 0.5, and 1.0) at the BLO1B1 beamline in SPring-8.
The protonated SFCO films were prepared by applying Vgs=3.5V for
30 min, and the de-protonated films were prepared by extracting
protons from protonated films by applying Vgs=-3.5V for 30 min.
Figure 4 shows the Fe-K and Co-K edge XAS spectra for the as-grown,
protonated, and de-protonated SFCO films. The Fe-K edge spectra of
the as-grown films with x=0 and 0.5 are very similar to each other.
This observation implies that hybridization results in electron
transfer from the O 2p to Fe 3 d states (the formation of O 2p holes),
and the Fe valence state of the SFO film should be regarded as +3,
not the nominal valence state of +3.6 expected from its chemical
formula, as also suggested by their O-K edge XAS (Supplementary
Fig. S9)**. Furthermore, the Fe-K edge XAS spectra for the SFCO films
(x=0 and 0.5) show no changes associated with protonation and de-
protonation, implying that the Fe valence states in the SFCO films
(x=0and 0.5) remain unchanged at + 3 despite changes in the H and
O concentrations in the films. On the other hand, the Co-K edges
for the SFCO films (x=0.5, and 1) shift toward the lower and higher
energy sides in association with protonation and de-protonation,
respectively. These observations imply that the electronic config-
urations of Fe (Fe*, 3d°) and Co (Co*, 3d° in the SFCO films
correlate to the protonation and de-protonation of the SFCO films.
Fe** (3d®) should have the high-spin and half-filled electron

configuration, which is stable and would become largely unstable if
electrons were accepted from or donated to hydrogen accumulated
in SFCO lattices. On the other hand, Co* (3d°), which is in the low-
spin configuration and has empty orbitals, can accept and donate
electrons associated with protonation and de-protonation processes.
Therefore, the protonation and de-protonation of the SFCO lattices
mainly affect the Co valence states through electron transfer from
hydrogen. These results are also consistent with the fact that the
concentration of the proton accumulated in the SFCO lattice
increases as the Co substitution increases (Fig. 3d).

We also point out that the protonation and de-protonation reac-
tion is not symmetric in SFCO films. The Co-K edge positions of the as-
grown SFCO (x=0.5) and SCO films are similar to each other and
between those of the Co***;0, and SrCo*'O5 references (for more
details, see Supplementary Fig. S8 in Supplementary Information).
Nonetheless, the Co-K edge position of the protonated SCO film is
much closer to that of the Co*O reference, whereas the Co-K edge
position of the protonated SFCO film coincides with that of the
Co***30, reference. Furthermore, the Co-K edge spectra of
the de-protonated SFCO films (x=0.5, and 1) are not back to those of
their as-grown films. The Co-K edge of the de-protonated SCO film
appears at an energy slightly lower than that of the as-grown SCO film,
indicating that the de-protonated film is still reduced with the Co
valence state lower than that of the as-grown film (Fig. 4c and Sup-
plementary Fig. S8). On the other hand, the Co-K edge of the
de-protonated SFCO film is seen at an energy higher than that of the
as-grown SCO film and almost coincides with that of the SrCo*0;
reference. Although X-ray absorption K-edge spectra depend on
materials’ crystal structures and oxygen coordination environment
surrounding transition metals and quantifying valence states of Fe and
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30 min in transistor structures, and the de-protonation was carried out by first
applying a V; of 3.5V for 30 min and subsequently a Vs of —=3.5V for 30 min. The H
concentration of the protonated SFO, SFCO (x=0.5), and SCO films used for the
XAS characterization was determined to be ~ 0.2, ~ 0.9, and -~ 1.4, respectively, and
plotted in Fig. 3d (the red symbols).

Co in the protonated and de-protonated films will need further inves-
tigations, our observations indicate that the films with more Co sub-
stitutions are more likely to be protonated and less likely to be oxidized
(more difficult to extract H from the lattice), which is consistent with
the expectation from the H contents accumulated in SFCO films
(Fig. 3d). Therefore, the gate voltages and reaction times necessary for
inserting H into (unprotonated) SFCO films and extracting H from
protonated films are not exactly the same, making the protonation and
de-protonation reaction asymmetric.

We also show that electrochemical protonation and de-protonation
also modulate the electrical resistance of the SFCO film channels. The
results are summarized in Fig. 5. As shown in Fig. 5a, the Vs pulses with
durations of 20 s were repeatedly applied to the channels to induce
protonation and de-protonation. The total duration of each train of ten
consecutive positive (negative) Vs pulses was 200s. To evaluate the
Viss-induced change in the channel resistance Rps by minimizing con-
tributions of leakage currents through the Nafion gate layers, Rps was
measured by setting Vgs=0V and Vps=0.1V after Vgs-induced (de-)
protonation for 20 s. Figure 5b shows Vgs-induced changes in Rps for
SrFe0,.¢%, Sr(Fep5C00.5)0,5 and SrCo0, s film channels. We find that
regardless of the Co concentration, applying positive and negative Vs
increases and decreases the channel resistance, respectively. Given that
the channel resistance is measured under the Vgs=0V condition, the
observed resistance changes are non-volatile, indicating that Vis-
induced protonation and de-protonation lead to the resistance changes
in the SFCO films. Interestingly, the magnitude of the Vgs-induced
resistance changes, AR, which is defined by the ratio of Rps obtained
after applying the last pulse of a positive sequence to that of a negative

Vs sequence (AR = Ryign/Riow, See Fig. 5a), depends on the Co con-
centration. For the SFO films (x=0), AR is 10-100, and less Vs-depen-
dent. Given that the hydrogen concentration in the SFO film lattice is
small and oxygen vacancies are also created upon H' injection, the
effects of the protonation and de-protonation in SFO films are less
dominant, while the creation and annihilation of oxygen vacancies,
which might be limited to near the surface region, impact on the resis-
tance changes. On the other hand, increasing Co substitution up to
x=0.5 increases AR. For the SFCO (x=0.5) films (Fig. 5b), AR is
enhanced, and it reaches -3.0 x10* when Vgs=+2.5V. Note that the
oxygen vacancy ordering in SFCO promotes the proton insertion and
extraction in the SFCO lattices and the resultant changes in the Co
valence state and that the protonation and de-protonation have there-
fore profound effects on the electrical properties. With further Co
substitution, AR, however, decreases, as shown by the results for SCO
films in the bottom panel of Fig. 5b. Although large amounts of hydro-
gen are accumulated in the SCO films, both SCO and protonated SCO
are insulating, and therefore the protonation and de-protonation have
little effect on the electrical properties, resulting in the reduction in AR.

We note that the maximum AR is found to be correlated with the
as-grown resistance. Figure 5c shows the Co concentration dependence
of the SFCO channel resistance before the application of Vs (in the as-
grown state) and AR induced by the application of Vgs+2.0 and £2.5V.
The protonation and de-protonation turn the channels into respectively
high- and low-resistance states and, as a result, the films with the lower
initial resistance, which probably originates from an electronic struc-
ture made from a mixture of Fe** (3d® and/or 3d°L) and Co* (3d°) ions
having different electron configurations, can exhibit the enhancement
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for SrFe0, s, Sr(Fep sC00.5)0,5, and SrCo0;, s film channels induced by applying
Ves=+2.0V and +2.5V. The data were taken for the transistor device with 2-mm-
wide and 1 mm-long channels. ¢ Co concentration dependence of the SFCO channel
resistance before Vs application (Rps in the as-grown state) and the magnitude of
the resistance change AR induced by application of Vg=+2.0 and +2.5V. AR is
defined by the ratio of Rps obtained after applying the last pulse of each positive (or
negative) Vgs sequence (AR = Ryigh/RLow, See Fig. 5a).

in AR. We should also point out that, for the SFCO (x=0.5) films, the
initial channel resistance is comparable to those of the low-resistance
states induced by de-protonation, highlighting that promoting proton
accumulation into and extraction from the SFCO lattices by the oxygen
vacancy ordering play a key role in enlarging the resistance change, in
stark contrast to previous studies™ in which resistance changes in
brownmillerite-structured oxides and their solid solutions due to pro-
ton insertion and extraction have been unexplored.

In summary, we show that room-temperature electrochemical pro-
tonation and de-protonation can control the structural and electrical
properties of SFCO epitaxial films that were prepared by making a solid
solution of the perovskite-structured SrFeO,5 with disordered oxygen
vacancies and the brownmillerite-structured SrCoO, s with ordered oxy-
gen vacancies. As supported by the theoretical calculations, our experi-
mental findings indicate that the oxygen vacancy ordering characteristic
of the brownmillerite structure is stabilized by Co substitution for Fe, and
it plays a vital role in suppressing oxygen vacancy formation during
electrochemical proton injection and in promoting proton insertion and
extraction from the SFCO lattices. We also show that for SrFeysC0050-5
films, whose electrical resistance is lowest among the SFCO films because
of the mixed valence state consisting of Fe** and Co*, the protonation and
de-protonation lead to resistance changes exceeding three orders of
magnitude. Our results show that making solid solutions between per-
ovskite- and brownmillerite-structured oxides is useful for controlling
oxygen vacancy ordering in oxides and for exploring their functional
properties, and they may provide guidelines for controlling material
properties through the insertion and extraction of hydrogen and for
designing and exploring hydrogen-insertion materials.

Methods

Film growth and X-ray diffraction measurements

Sr(Fe;—xCo,)Oy epitaxial thin films were deposited on LSAT (001) single
crystal substrates by pulsed laser deposition with a KrF excimer laser
(A=248nm). All of the SFCO films were deposited at a substrate
temperature of 700 °C and under an oxygen pressure of 100 mTorr,
and by pulsing ceramic targets which have nominal cation composi-
tion of Sr(Fe;—Co,)0, (0 <x<1) with a laser fluence of 1.1J/cm* at a
repetition frequency of 4 Hz. X-ray 26/0 diffraction measurements
were performed with a lab-source four-circle diffractometer (X'Pert
MRD, PANalytical) using Cu Ka; radiation.

Scanning transmission electron microscopy (STEM)
characterization

For the cross-sectional STEM observations, the specimens were thinned
down to electron transparency by using focused ion beam (FIB) milling
(Helios 5UX, Thermo Fisher Scientific Inc). STEM images were acquired
using an aberration-corrected JEM-ARM300F2 (JEOL Ltd) operating at
an accelerating voltage of 200kV. The annular detection angle for
HAADF was 54-180 mrad and that for ABF was 12-24 mrad (because the
convergent semi-angle of the incident probe was 24 mrad).

Electron energy-loss spectroscopy (EELS) data were acquired at
room temperature using an aberration-corrected JEM-ARM200CF
instrument (JEOL Ltd) operating at an accelerating voltage of 80 kV.
This microscope is also equipped with a cold field-emission gun and
an EEL spectrometer (Gatan Quantum). The EEL spectra were collected
with an angle of 25 mrad. The energy resolution associated with the
EELS analyses was ~ 1.1eV based on the full width at half-maximum of
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the zero-loss peak. The EEL spectra were acquired and processed using
the Digital Micrograph software package (Gatan, Inc.). Both low-loss
and core-loss spectra were recorded simultaneously using the dual
EELS mode with a dispersion of 0.25eV/channel to allow the con-
current acquisition of Fe L, 3- and Co L, 3-edge spectra. All spectra were
obtained in the spectrum imaging mode.

Fabrication of electric field effect transistor structures and
electrochemical protonation

To fabricate transistor structures with channels of SFCO films and gate
layers of proton-conducting Nafion membranes, we sputtered 30 nm-
thick Pt drain and source electrodes on the SFCO film at room tem-
perature, and then compressed Nafion membranes (Nafion 115, Sigma
Aldrich) with Pt electrodes sputtered on one side on the SFCO films’
channel at 110 °C for 15 min. For XRD, ERDA, and XAS measurements,
transistor structures with a channel size of ~4 mm x5 mm were used.
For resistance measurements, transistor structures with a channel size
of ~1 mm x 2 mm were used.

Elastic recoil detection analysis (ERDA)

ERDA was performed at the 1.7 MV tandem accelerator facility of the
Quantum Science and Engineering Center, Kyoto University. The ERDA
spectra were obtained with 7.5 MeV Si** beams incident at an angle of
~ 75° to the surface normal and by detecting H atoms recoiled forward
from the films at a scattering angle of 30°. The obtained ERDA spectra
were simulated and fitted with the SIMNRA 7.03 software™.

X-ray absorption spectroscopy (XAS)

Fe and Co K-edge XAS was carried out at beamline BLO1B1 in SPring-8
by using a fluorescence method with a 19-element Ge solid state
detector. Si (111) double-crystal monochromators were used to obtain
the incident X-ray beam. The data analysis was performed using the
XxTunes software*. O K-edge absorption spectra were measured at
beamline BL27SU in SPring-8 by using a partial fluorescence method.
The data analysis was performed using Demeter software package™.

Density functional theory calculations

All of our spin-polarized density functional theory calculations were
carried out by using the Vienna Ab initio Simulation Package (VASP)
package™. The projector augmented wave (PAW) method” was used
to describe the interactions between valance electrons and core ions.
The valance electrons were expanded using a plane-wave basis set with
an energy cut-off of 550eV. The Perdew-Burke-Ernzehof (PBE)
functional® within the generalized gradient approximation (GGA) was
used to evaluate the exchange-correlation energy with the Hubbard U
corrections (PBE + U)®. The effective U values for Fe 3d and Co 3d
states were 4.00 and 3.32eV, respectively, which can accurately
reproduce the experimental formation enthalpies of iron and cobalt
oxides*>*., All atomic positions and lattice parameters were fully
optimized until the total force acting on the ions was below 0.02 eV A,
The k-mesh with the Monkhorst-Pack scheme and a k-points distance
of 0.20 A™ was used to sample the Brillouin zone*.

The crystal structures of SrFeO, (y=2.5, 2.75, 2.875, 3.0) were
based on the vacancy-ordered phases of SrFe0,*. SrFeO, with y=2.5
exhibited a brownmillerite structure with a G-type antiferromagnetic
state, while SrFeO, with y=2.75, 2.875, and 3.0 adopt perovskite
structures with A-type antiferromagnetic states (y=2.75, 2.875) and a
ferromagnetic state (y =3.0). For SrCo0O,, we employed similar crystal
structures with SrFeO, for the sake of comparison. The optimized
lattice constants are listed in Supplementary Tables S1 and S2.

Data availability

The data that support the plots within this article and other findings of
this study are present in the manuscript and the supplementary
information and are also available from the corresponding author

upon request. The data used to reproduce the results of DFT calcula-
tions are available at the Materials Cloud Archive [https://doi.org/10.
24435/materialscloud:v0-gn]. Source data are provided in this paper.
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