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High-Conductive Protonated Layered Oxides from H,O

Vapor-Annealed Brownmillerites

Songbai Hu, Yuanmin Zhu, Wengiao Han, Xiaowen Li, Yanjiang Ji, Mao Ye,
Cai Jin, Qi Liu, Sixia Hu, Jiaou Wang, Junling Wang, Jiaqing He, Claudio Cazorla,*

and Lang Chen*

Protonated 3d transition-metal oxides often display low electronic conduc-
tion, which hampers their application in electric, magnetic, thermoelectric,
and catalytic fields. Electronic conduction can be enhanced by co-inserting
oxygen acceptors simultaneously. However, the currently used redox
approaches hinder protons and oxygen ions co-insertion due to the selec-
tive switching issues. Here, a thermal hydration strategy for systematically
exploring the synthesis of conductive protonated oxides from 3d transition-
metal oxides is introduced. This strategy is illustrated by synthesizing a novel
layered-oxide SrCoO3;H from the brownmillerite SrCoO, 5. Compared to the
insulating SrCoO, 5, SrCoOz;H exhibits an unprecedented high electronic
conductivity above room temperature, water uptake at 250 °C, and a thermo-
electric power factor of up to 1.2 mW K2 m™' at 300 K. These findings open

thermal conductivity, metal-to-insulator
transition,™ and proton conduction at
moderate temperatures.” ") Despite such
a wide functionality range, upon protona-
tion the as-synthesized transition-metal
oxides often display low electronic conduc-
tion, which hampers their use in electric,
magnetic, and thermoelectric applications.
This dearth becomes even worse for
catalytic mixed ionic-electronic conductors.
The currently used cathode materials for
proton conducting fuel cells (PCFCs), gas
sensors, or membrane reactors, although
exhibit good proton or oxygen ion conduc-
tion, regrettably suffer from low intrinsic

up opportunities for creating high-conductive protonated layered oxides by

protons and oxygen ions co-doping.

1. Introduction

Protonated 3d transition-metal oxides are garnering significant
attention due to several unique characteristics such as giant mag-
netoelectric and electrochromic effects,'3 suppression of the
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electronic conduction.'*2  This draw-
back is primarily due to the fact that the
insertion of protons transfers additional
electrons to the metal 3d-O 2p hybridized
orbital thus annihilating the hole conduc-
tion. To recover electronic conduction, one possible strategy not
involving cation substitution is to co-insert an electron acceptor,
for example, O ions, to neutralize the proton donated electron.
However, the currently used methods, such as thermal annealing
by 0,/0;8™ or H,/CO,>" jonic liquid gating,™ plasma
implementation,® chemical reaction,” and electrochemical
redox reaction,"®!] are oxidizing and reducing incompatible
at the same time. Specifically, the co-insertion of protons and
oxygen ions is hindered by the redox-base selective switching.
Thus, the rational design and preparation of protonated oxides
with high electronic conductivity remains a big challenge.

In this report, we introduce a scalable, high-yield, and cost-
efficient water-vapor annealing method to systematically create
high conductive protonated oxides from oxygen-deficient tran-
sition-metal oxides. We illustrate the efficiency and technical
soundness of our method by synthesizing the novel layered-
oxide SrCoO3;H (SCOH) from the brownmillerite SrCoO;_s
(BM-SCO, 0.25 < § < 0.5) thin film. The BM-SCO was selected
because the Co-based transition-metal oxides are widely used
in water-involved catalysis!>?*-24 and its structure is linked to
several prosperous families of materials such as perovskite,?!
Ruddlesden-Popper,?>%l  2H-perovskite,?®??l  and  misfit-
layered compounds,P®*} which exhibit intriguing physical
and chemical properties. The epitaxial thin films were phase
pure, dense, and free of grain boundaries, thus provide clean
platforms for exploring the ions exchange and transport
kinetics. As expected, the H,0 molecules did not induce any
reducing or oxidizing process and solely acted as a dopant
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Figure 1. Preparation and structure characterization of SCOH thin films. a) A schematic view of thermal hydration on BM-SCO thin films. b) XRD
6-26 scans of as-grown BM-SCO, 1 bar O, annealed and 1 bar O, + H,0 annealed thin films grown on LSAT substrate. c) In-plane WARSM of SCOH
thin film. The g coordinates have been divided by LSAT gq. The white grids corresponding to the integers h, k are guides to eyes. The T and H in the
crystal plane index represent the triclinic rock salt layer (SrO) and the hexagonal layer (CoO,), respectively. The spots of rotated CoO, layer are marked
by hexagons. d,g) HADDF-STEM, e,h) EDS mapping, and f,i) ABF images for the SCOH (220) and (200) plane, respectively. The Sr, Co, and O atoms

are painted by red, green, and blue, respectively.

source. This thermal hydration approach generates high proton
concentration layered compounds that exhibit high electronic
conductivity, H,O uptake, and outstanding thermoelectric
power, from the insulating BM-SCO parent phase.

2. Results and Discussion

Figure la schematically illustrates the thermal hydration of
BM-SCO thin films. Bulk BM-SCO is orthorhombic with lat-
tice constants of a = 5.5739 A, b = 5.4697 A, and ¢ = 15.7450 A,
which can be viewed as pseudo-tetragonal (a, = 3.905 and ¢, =
7872 A).P BM-SCO is a reduced form of the perovskite SrCoOs
that is characterized by columns of ordered oxygen vacancy (V¢)
along its pseudo-tetragonal [110] direction,'®3* which offers an
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X-ray detectable structure feature for the oxygen evolution. As
shown in Figure 1b, the sample annealed in 1 bar dry O, exhib-
ited slight change compared to the as-deposited BM-SCO thin
film. However, the BM-SCO completely disappeared when the
sample was exposed to 1 bar wet O, and a new strontium cobal-
tite phase SCOH emerged with a significantly increased c lattice
parameter (9.06 A). The thickness of the corresponding film was
=19 nm, and only minor changes were observed after annealing
(Figure S1, Supporting Information). The transformation from
BM-SCO to SCOH did not depend on the gas species (O, or
air), only on the water vapor (Figure S2, Supporting Informa-
tion). The transformation was not affected by the epitaxial
strain introduced by the substrate, at least for (La,Sr)(Al,Ta)O;
(LSAT) and SrTiO; (STO) (Figure S3, Supporting Information).
The new SCOH structure resulted from a non-topotactic phase
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transition®*33] as the corresponding diffraction peaks did not
follow those of the starting BM-SCO phase and the O, concen-
tration barely impacted the transformation.

High-resolution XRD and scanning transmission electron
microscopy (HR-STEM) were used to identify the SCOH struc-
ture. Figure 1c shows the in-plane wide area reciprocal space
mapping (WARSM) of the SCOH thin film. A triclinic geom-
etry with a = b = 748 A (Figure S4, Supporting Information),
¥ = 84° and its 90° rotation counterpart (Figure S5, Supporting
Information) was first identified. Although all these diffrac-
tions can be indexed by this triclinic geometry, the T (370) and
T (130) exhibit ten times higher intensity than their counter-
parts. That means they overlap with other diffractions (green
labeled). These spots belong to a hexagonal-like geometry with
a=290A, b=282A, and y=120° (Figure S6, Supporting
Information). Figure 1d—i presents the high-angle annular dark
field (HADDF)-STEM images of SCOH (220) and (200) planes
as well as the corresponding energy-dispersive X-ray spectros-
copy (EDS) mapping and annular bright field (ABF) images.
According to Figure 1d,e, the SCOH consists of a bright CoO,
atomic layer and two dark SrO atomic layers. In Figure 1f}i, the
stacking of SrO layers is very much like those of rock-salt sheets
in Ruddlesden-Popper Sr,C00,.12l The CoO layers are unresolv-
able in Figure 1g because its (1010) plane rotates 12° in in-plane
from the (200) plane of SrO layer. For the (220) plane, the ABF
image in Figure 1f shows that the CoO cage is the same as the
edge-sharing CoO, octahedra in the CdI,-type structure. Thus,
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the composition of rock salt SrO layer is Sr,0,, whereas the
hexagonal CoO layer is CoO,. The epitaxial directions are SrO
[110] || CoO, [0110] || LSAT [110] and SrO [110] || CoO, [2130]
|| LSAT [170] (Figure S4, Supporting Information). It is worthy
to mention that the triclinic Sr,0, and hexagonal CoO, can be
orthogonalized by the diagonals in in-plane directions. The
angles o and f of the orthogonalized SCOH are determined to
be 90° and 95.5° by the fast Fourier transformation (FFT) of
(220) and (220) plane, respectively (Figure S7, Supporting Infor-
mation). The lattice parameters are summarized in Table S1
(Supporting Information). The strain between the SCOH thin
film and the substrate is relaxed by the stacking fault at the
interface (Figure S8, Supporting Information).

With this information, the SCOH skeleton is proposed as
[S1205]2.90x2.82x5in120°[COO2]3 743 74xsingass O [S10,]0.5C00,.  Its
atomic structure is shown in Figure S9 (Supporting Informa-
tion), which belongs to the P2/m space symmetry group. Such
an alternate stacking of layers with very differentiated geom-
etries belongs to the so-called misfit-layered compounds.l8l
Owing to the alternation of transition-metal conducting and
insulating rock-salt layers in the stacking sequence, both high
thermopower and low thermal conductivity develop, thus
unlocking thermoelectricity from the insulating BM-SCO by
thermal hydration.

Figure 2a,b evidences protons and oxygen ions co-insertion
occurring during the BM-SCO to SCOH phase transition. The
FTIR absorbance near 3340 nm™" proves directly the existence
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Figure 2. H,0 evolution during the BM-SCO to SCOH phase transition. a) FTIR spectroscopy of BM-SCO and SCOH powder. b) SIMS intensity depth
profiles of the H™, D7, and ®OH" for H,0, D,0, and H,"0 vapor annealed BM-SCO thin films, respectively. The as-grown BM-SCO (pink curve) and
dehydrated SCOH (olive curve) were used for comparison. The film/substrate interface is green painted. c) XRD peak evolution of BM-SCO thin film
by heating the sample in wet atmosphere. d) TG-MS investigation on SCOH powder. e,f) X-ray photoelectron spectroscopy (XPS) of O 1s and Co 2p,
respectively. g) X-ray absorption spectroscopy (XAS) of Co L-edge and h) O K-edge of BM-SCO and SCOH thin films.
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of hydroxyl groups in SCOH. The second-ion mass spec-
troscopy (SIMS) depth profiles of the H,0/D,0/H,"®0 vapor
annealed thin films show that the intensity of H~/D~/"®OH"
ions increase to thousands of counts within the film regime by
annealing, and dropped to the pristine level after dehydration.
The initial high and following sharp downward trend of BOH"
intensity reflects an enrichment of 8O at the surface region.
This is due to the layer-by-layer diffusion of O ions directed
to filling the Vi formed in inner layers along with the phase
transformation. Then the O from H,"®0 replenish the con-
sumed O ions in the surface layer, thus they tend to accumu-
late within the top layers. Unlike the movement of O which is
very limited in the absence of nearby Vg, protons can always
hop within the material owing to the small atomic radius. The
evenly distributed H™/D~ ions over the depth range indicates a
long-distance hopping behavior for protons. The layer-by-layer
conversion mode is verified in Figure S10 (Supporting Infor-
mation). Therefore, we propose that both H and O ions, rather
than each individual, insert into the thin film and trigger the
phase transition. A variety of techniques based on redox reac-
tions have been proposed to introduce light elements such as
H or O in the BM-SCO V{ positions with the aim of enhancing
functionality.:3461939 However, due to selective switching
limitations H and O co-doping cannot be efficiently achieved
through redox-based methods. Here, we have successfully
doped oxygen-deficient transition-metal oxides with both H and
O ions by means of water vapor annealing.

Figure 2c¢,d demonstrates the occurrence of H,0 evolu-
tion within SCOH by temperature-dependent XRD and ther-
mogravimetry-mass spectroscopy (ITG-MS). Under a 1 bar air
atmosphere (RH = 79%), the BM-SCO transformed to SCOH
at =250 °C. At 400 °C, the SCOH (003) peak shifted slightly to
the left and finally skipped to 260 = 27° at 550 °C. According
to TG-MS, the stepwise increases of c-lattice constant then
resulted from a two-stage water decomposition process. The
mass reduction of 0.4% at 400 °C (S;) and 3.8% at 550 °C (S,)
correspond to H,O decomposition of 0.044 and 0.401 mol for-
mula, respectively. The S, peak at 117 °C came from the sur-
face water desorption. The small S; hump probably was origi-
nated from residual protons hopping in the CoO, layers. The
S, main peak, on the other hand, resulted from the majority of
protons in the Sr,0, layers at equilibrium. It is worth noting
that a broadened S, gap is observed for the Sr,0, layers cor-
responding to the dehydrated SCOH (Figure S11, Supporting
Information), which explains the XRD peak skip at 550 °C.

Figure 2e-h describes the changes in the electronic structure
before and after the phase transformation. The XPS spectra in
Figure 2e,f exhibit little change for either the line shape or the
peak-to-peak energy difference, which means that the cobalt
ions chemical states are dominant and pretty close to Co*".
The line shape of O 2p is quite similar to that of Lij ¢,C00,.1*!
The X-ray absorption spectroscopy (XAS) in Figure 2gh, on
the other hand, reflects rather different electronic configura-
tions (Figure S12, Supporting Information) between the two. In
the octahedra crystal ligand field BM-SCO, the electronic con-
figuration of the Co' 3d-O 2p hybridized orbital corresponds
to a high spin state e,’t,,*'”) In the triangular crystal field of
SCOH, the small hump « that appears at low energies of O
1s spectrum arises from an electronic transition from a O 2p
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state to the half-illed a;, state of the hybridized orbital Co'
3d-O 2p in oxygen deficient SCOH. Meanwhile, the absorption
at Co L-edge does not show significant sign of Co’.l*!l The pro-
nounced feature f3 originates from an electronic transition from
a O 2p state to the empty e, state of the hybridized orbital Co'
3d-O 2p!*l and the half-filled e, state of the hybridized orbital
Co'! 3d-O 2p. Therefore, the electronic configuration of SCOH
is primarily a null spin state e,’a;,%e,* mixed with a small por-
tion of low spin state e,%a;,'e,. Both the XPS and XAS spectra
prove that there is little change in the chemical state of the Co
ions after water vapor annealing, thus supporting the non-redox
nature of the H,O uptake reaction.

Based on the above analysis, the number of H in stoichiom-
etry SCOH is fairly close to 1. The total reaction can be written
as SrCo0s_g (s) + 6H,0 (g) = SrCoO3H,6 (s) (0.25 < 6<0.5). It
is noted that the number of inserted H,0 equals the number
of Vg in BM-SCO. Such an equivoque correspondence can be
used to accurately gauge the concentration of oxygen vacancies
in nonstoichiometric oxides, n,, which represents an important
longstanding technical challenge. Conventionally, n, is roughly
estimated through XRD, XAS, or magnetization,3#] whereas
here it can be accessed directly by evaluating the concentration
of protons. Practically, the proton concentration is able to be
controlled in the resulted materials by the number of oxygen
vacancies in the perovskites parent phase. Here, by annealing
BM-SCO in water vapor, we obtained the SCOH whose proton
concentration is far from the defect level.

Figure 2c,d indicates a tendency for the protons to stay in the
Sr,0, layers. However, direct observation of the H positions is a
very difficult and arduous task as demonstrated by the simula-
tion of the corresponding STEM geometry output (Figure S13,
Supporting Information). First-principles calculations based
on density functional theory (DFT) were undertaken to deter-
mine the most likely H sites in the Sr,0, layers. The results are
shown in Figure 3g,h. In particular, we explored several H loca-
tions and OH™ orientations in both the SrO and CoO, layers.
As a result of our theoretical structural searches, we found the
minimume-energy stable phase reported in the paper, a meta-
stable phase that was vibrationally and elastically stable but
which possessed a higher energy than the ground state (AE =
0.4 eV fu™), and several saddle geometries for which upon
structural relaxation the H atoms spontaneously moved from
their initial positions in the CoO, or SrO layers to the final SrO
positions in the metastable or stable phases (Figure S14, Sup-
porting Information). According to our DFT calculations, the
protons prefer to form hydroxyls with the O atoms in the Sr,0,
rather than CoO, layers as the latter leads to a CoOOH-like
structurel??l which would attain extra c-lattice expansion. The
hydroxyls point to the adjacent CoO, layers and form energeti-
cally favorable hydrogen bonds with the closest oxygen, which
explains the appearance of small OH" tilting along the [110]
direction and the a-axis elongation of the CoO, layers. With the
H insertion, the symmetry of SCOH reduced to space group P1.

The presence of hydrogen atoms in metal oxyhydrides in
the form of hydride ions or interstitials could be possible,
hence we also analyzed them for the stable SCOH phase with
DFT methods (Figure S15, Supporting Information). In par-
ticular, we evaluated the energetically most favorable positions
and charge state of H interstitials in the absence and presence

© 2021 Wiley-VCH GmbH
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Figure 3. Water vapor-driven brownmillerite-to-layered phase transformation in strontium cobaltite thin films illustrated by seven quasi-stable inter-
mediate states. a) H,O absorption and dissociation on the surface BM-SCO. b) Protons hop to the O sites in SrO layer. c) The formation of hydroxyl
unlocks Sr from the SrO matrix. d) Sr atoms diffuse to the oxygen vacancies in tetrahedra CoO, layer. e) Co atoms diffuse to the previous Sr vacancies
in SrO layer. In consequence, the Sr and Co atoms exchange their sits between layers. f) Two Co layers and their neighboring O atoms transform to
the Cdl,-type CoO, octahedra. Meanwhile, the O from H,0 intercalates into the oxygen vacancy in the surface SrO layer. g) The (110) and h) (100)

planes of the resulted SCOH.

of O vacancies (in the latter case, created only in SrO layers).
For the case of an H interstitial, it is found that the energetically
most favorable position corresponds to the CoO, layer where
the H atom tends to form a chemical bond with an exposed O
atom. According to our DFT calculations, the charge state of
such a hydrogen interstitial is H;™ (i.e., it presents an excess of
electronic charge as compared to that of the H atoms in stoi-
chiometric SCOH). For the case of an O vacancy created in a
SrO layer, it is found that the energetically most favorable posi-
tion of the isolated H atom is that of the absent oxygen atom
(Ho)- In this case, according to our DFT calculations the charge
state of such hydrogen atom is Hq" (i.e., it presents a deficiency
of electronic charge as compared to that of the H atoms in stoi-
chiometric SCOH).

The DFT calculations show that the energetically most
favorable position for hydrogen ions in SrO layer and CoO,
layer are Ho* and H;™ in CoO,, respectively. For the presence
of H;” in CoO, layer, we think that from a sample preparation
point of view the chance is very small. SCOH was prepared
by annealing the sample in oxidizing O,(1 bar) + H,0, while
the metal oxyhydrides were usually prepared by annealing
with reducing CaH,. In an O,-rich environment, both the sig-
nificant reduction of protons from H,O to hydride ion and the
survival of hydride ions at the preparation temperature (450 °C)
would be rather difficult. It is noticed that the hydride ions
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in oxyhydrides were thermolabile when heating even in inert
gas and the resulted anion-deficient structure was vulnerable
to 0,.”] The presence of H;” in SCOH might be possible by
additional post-treatment, but less likely to exist in the as-grown
state. On the other hand, the presence of Hy* in SrO layer is
more possible. As depicted in Figure S15 (Supporting Informa-
tion), the composition of SCOH would be SrCoO, sH if half of
O atoms in SrO layer were replaced by the Hy', and the Co3*
in SrCoO3;H would be reduced to Co?". However, the amount
of Co?* in the as-prepared sample is negligible according to the
XAS in Figure 2.

The atomistic mechanism involved in the non-topotactic
protonation of BM-SCO during the thermal hydration is pro-
posed to consist of several cations exchanges mediated by Vg,
as represented in Figure 3. First, a H,O molecule is captured
and dissociated into a OH™ and a H* by a metal cation (M),
namely, H,0 + MO§ = HO-M-OgH, ¥ or by an oxygen vacancy
following H,0 + V& + O} = 20Hy, where the Og and OH;, rep-
resent the lattice O and hydroxyl, respectivelyl®! (Figure 3a).
At elevated temperatures, the protons are able to hop to the
inner SrO layers and form hydroxyl bonds (Figure 3b). Each
hydroxyl bond unlocks a Sr ion from the SrO layer (Figure 3c),
which diffuses to a V5 position in the CoO, tetrahedra layer
along the [111] direction (Figure 3d), thus forming a Sr vacancy
(V") Subsequently, a Co ion diffuses to (V") (Figure 3e) so

© 2021 Wiley-VCH GmbH
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that the Sr and Co cations exchange their sites through a V¢.
Then two layers of Co ions and three layers of O ions trans-
form to one CdI,-type CoO, layer. Meanwhile, the dangling O
from H,O0 inserts to the as-formed surface V5 (Figure 3f). Both
the proton and oxygen ions from the H,O molecule are thus
incorporated into the newly formed [Sr,0,H,]y5Co0O, lattice. As
the reaction proceeds, the inner BM-SCO layers repeat phase
transformation steps (a)—(f) in Figure 3 using the O ions and
protons transported by the top SCOH layer. The continuous
uptake of H,O by the layered [Sr,0,]y5CoO, makes it a poten-
tial candidate for being a mixed protonic-electronic conducting
oxide."12 By means of DFT methods, we estimated the total
energy of the system during each phase transformation step
(Figure S16, Supporting Information). Our DFT results show
that the BM-SCO to [Sr,0,H,];5C0o0, reaction mechanism is
overall downhill made the exception of step 3 — 4 in which the
Sr ions diffuse toward the V¢ positions. This partial outcome
was physically expected as Sr possesses the largest ionic radius.
Meanwhile, the corresponding in-plane symmetry change and
atoms rearrangement of both SrO and CoO, layers during the
hydration are shown in Figure S17 (Supporting Information).
From the previous analysis, it is shown that the pres-
ence of V5 is a necessary condition for the water vapor-driven
phase transformation to proceed. Further tests were under-
taken to prove this point. For instance, we treated the perov-
skite SrCoO3_s (P-SCO, 0.25 < § < 0) under a 1 bar O, + H,0
atmosphere and observed that the thin film was completely

www.advmat.de

transformed to SCOH (Figure S18, Supporting Information).
This occurred because in a relatively low oxygen concentra-
tion atmosphere the P-SCO was appropriately transformed
to BM-SCO.B% However, when the BM-SCO thin film was
annealed in a 10 bar O, + H,0 atmosphere, only a part of the
thin film transformed to SCOH (Figure S19, Supporting Infor-
mation) due to the fact that in a high oxygen concentration
atmosphere the V& in BM-SCO are occupied by O atoms.!"
Figure 4 shows the characterization of BM-SCO before and
after thermal hydration. The temperature-dependent resistivity
in Figure 4a demonstrates that the SCOH thin film is semi-
metallic between 2 and 300 K. The conductivity increases in at
least four orders of magnitude as compared to that of the parent
BM-SCO. Different from the ionic liquid gating,! the insertion
of protons into 3d transition-metal oxide BM-SCO through
H,0 vapor annealing does not harm the electrical conduction
but yields highly conductive layered oxides. Figure 4b shows
the experimental Seebeck coefficient of BM-SCO and SCOH
over the temperature interval 400-10 K. The S positive sign
implies that both BM-SCO and SCOH are p-type conductors.
Although the conductivity increases significantly, the S coeffi-
cient of SCOH only decreases slightly. Figure 4c shows that at
300 K the power factor of SCOH is significantly improved than
that of BM-SCO, thus demonstrating a marked increase in the
electrical conductivity while retaining excellent thermoelectric
power. At room temperature, the power factor of SCOH attains
the value 1.2 mW K2 m™, which is =5 times larger than that
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Figure 4. Properties of BM-SCO thin films before and after thermal hydration. a) Temperature-dependent resistivity, b) Seebeck coefficient, c) thermo-
electric power factor, d) optical transmittance, e) inversed magnetic susceptibility versus temperature of BM-SCO and SCOH. f) Total and partial Co d
densities of electronic states calculated with DFT methods for bulk SCOH. Spin up and spin down densities of electronic states are represented along
the positive and negative sections of the ordinate axis, respectively. Results were obtained for the ground-state and the null-spin solution was found to
render the lowest total energy in the spin-polarized DFT calculations based in the range-separated hybrid HSE06 functional.
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of the widely studied Ca;C040q thin films.’® These numbers
show that layered SCOH, although protonated, is high-conduc-
tive and an outstanding thermoelectric oxide material.*'* The
optical transmittance in Figure 4d shows that the transparency
of the SCOH thin film stabilizes at 80% in the infrared light
range and improves up to 20% in the visible light range than
that of the BM-SCO. The absorption edge shifts to the violet
side, and the optical bandgap is estimated to be 2.61 eV which
is 0.33 eV wider than the BM-SCO. Combined with the ther-
moelectricity, the transparent semi-metallic SCOH thin film
exhibits great potential for hybrid energy harvesting such as
transparent conductive window and thermoelectric solar cells.

The inverse magnetic susceptibility (y) of SCOH is shown in
Figure 4e as a function of temperature. Between 2 and 400 K, the
measured data are well described by the Curie-Weiss law using
the y = x+C/(T-0), where y, is a temperature independent con-
tribution. The Curie constant C is fitted to be 0.023. Using the
C = n(n+2)/8,°! the unpaired electrons n is calculated to be 0.09
(S = 0), which well agrees with the XAS results. From our spin-
polarized DFT calculations, it was found that for the lowest-energy
state the Co electrons arrange over the d orbitals according to a
low-spin (LS) state characterized by null Co magnetic moments
(Figure 4f). In particular, the energy of the Co LS state was
estimated to be 45 meV fu! below that of the corresponding Co
high-spin (HS) state (for both possible ferromagnetic and anti-
ferromagnetic spin structures). This theoretical outcome is in
consistent agreement with our experimental measurements. We
note that the impact of the selected U parameter value on our
DFT results was carefully investigated (Figure S20, Supporting
Information). Therefore, based on our experiments and DFT
calculations we can conclude that SCOH is a nonmagnetic
semi-metal.

3. Conclusion

In summary, we used the H,O vapor to anneal the BM-SCO
thin film and thus synthesize a novel protonated layered-
oxide SCOH, which exhibited H,O uptake at 250 °C, high
electronic conductivity, thermoelectricity, optical transpar-
ency, and lack of magnetism, in stark contrast with the parent
phase. We demonstrated that the uptake of water into the
thin film drove the bulk-to-layered phase transformation and
proposed a proton-triggered cation exchange mechanism
mediated by the presence of oxygen vacancies to explain the
unravelled non-topotactic phase transition. The resulting
material may be a good candidate for electrodes of thermo-
electric PCFCs, thermoelectric solar cells, or transparent con-
ductive window that boosts synergistic energy harvesting.[>l
Our work shows the great potential of hydrogen and oxygen
co-doping in reconstructing 3d transition-metal oxides for
advanced energy conversion, and the use of thin film as a
clean platform to study the exchange and transport of ions in
transition-metal oxides. Thus, the acid-base ions co-insertion
method introduced here overcomes the selective switching
issues typically found in redox reaction-based approaches,
and it is sufficiently general to allow for the synthesis of a
new class of proton-containing multifunctional oxide mate-
rials from brownmillerites such as CaFeO,;, CaCoO,;, and
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GalnO, 5, or any oxygen-deficient oxides such as WO,, VO,,
TiO,, BaCoO;_g or SrNiO;_s.

4. Experimental Section

Sample Preparation: The BM-SCO thin films were deposited on LSAT
or STO by pulsed laser deposition (PLD). The growth conditions were
a temperature of 700-800 °C, oxygen pressure of 13 Pa, laser energy
density of 1.5 ) cm™, and laser frequency of 6 Hz. The film thickness is
~20 nm for 1200 pulses deposition. The P-SCO thin films were obtained
by doing an in situ post annealing in an oxygen pressure of 90 000 Pa
at 650 °C for 30 min. The as-grown thin films were then annealed in
a H,0 (or D,0O, H,®0) vapor atmosphere. The base pressure (O,/
air) was controlled at 1 bar. At 450 °C the evaporated water promoted
the pressure to almost double of the initial. The sample was cooled
down naturally after 1 h annealing at 450 °C. The SCOH thin films were
dehydrated by annealing the sample at 550 °C in air for 1 h. The BM-SCO
powder was made by solid-state reaction from SrCO;3 and Co;0, powder
with 3:1 molar ratio. After 24 h of sintering in air at 1200 °C the sample
was quenched to room temperature by liquid nitrogen. By repeating the
process, the BM-SCO powder without impurity was obtained. The SCOH
powder was made by annealing the BM-SCO powder in 10 bar O,+H,0
for 24 h. The vapor pressure was =50 bar at 800 °C. Then the sample
was cooled down to 150 °C naturally and took out. The high temperature
and pressure were used to improve the crystallinity.

Sample Characterization: The sample structure was characterized
by a high-resolution X-ray diffractometer (Rigaku SmartLab). The high
temperature XRD was carried out using a domed hot stage (Anton
Paar, DHS 1100) in an ambient atmosphere (air, RH = 79%). HAADF-
STEM and EDS were conducted using a double aberration-corrected
transmission electron microscopy (Thermo Fisher Themis Z G2 60-300)
operated at 300 kV. The powder FTIR was collected with a Thermo
is50/6700 spectrometer. The SIMS was obtained using an instrument
Cameca IMS4f. D,O was used to exclude the possible absorption H,0
on the surface. H,"®0 was also used to trace the oxygen evolution.
The TG-MS was investigated using a Netzsch STA449C + QMS 403D
Aeolos analyzer. The feeding gas was dry air at a rate of 5 mL min™".
The XPS was obtained using a ThermoFisher Scientific ESCALAB 250
photoelectron spectrometer with an Al Ka source. The XAS was taken
at beamline 4B9B of Beijing Synchrotron Radiation Facility in the total
fluorescence yield (TFY) mode. The resistivity and Seebeck coefficient of
the thin films were measured using a Quantum Design PPMS in a four-
probe method. The room temperature Seebeck coefficient was verified
using a portable thermoelectric monitor (PTM-3, JouleYacht, China).
The resistance of BM-SCO was measured by a Keithley 6517B picometer
with a two-probe connection. The optical transmittance of SCOH thin
film was obtained by a Perklin Elmer Lambda 750 spectrometer. The
absorbance of LSAT was subtracted by using two sides polished bare
substrate. The magnetization of SCOH powder was measured with a
Quantum Designed MPMS3.

First-Principles Calculations: Spin-polarized DFT] calculations were
performed to theoretically characterize the structural, vibrational,
mechanical, and electronic properties of SCOH. The ground-state
SCOH geometry determined with theoretical DFT methods, which is
fully consistent with the structural data obtained from the experiments,
was found to be both mechanically and vibrationally stable (Figure S21,
Supporting Information). The PBEsol functionall®® was used as
implemented in the VASP software.’®l A “Hubbard-U” schemel®® with
U = 4 eV was used in most calculations for a better treatment of the
localized Co 3d electronic orbitals.'l Several tests were performed to
assess the impact of the selected U parameter value on the final DFT
results (Figure S18, Supporting Information). The “projector augmented
wave” method was used to represent the ionic coresl®? by considering
the following electrons as valence: Sr 4s, 4p, and 5s; Co 3d and 4s; O 2s
and 2p; H Ts. Wave functions were represented in a plane-wave basis
truncated at 650 eV. For integrations within the first Brillouin zone,
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thick Monkhorst-Pack k-point grids with a density equivalent to that of
16 x 16 x 16 for a conventional five-atom perovskite unit cell were used.
Periodic boundary conditions were applied along the three lattice vectors
of the simulation supercell. Geometry relaxations were performed with
a conjugate-gradient algorithm that optimized the ionic positions and
the volume and shape of the simulation cell. The relaxations were halted
when the forces in the atoms were all below 0.005 eV A-'. By using these
technical parameters, the obtained energies were converged to within
0.5 meV fu™". Different possible spin magnetic arrangements involving
the electronic Co d orbitals (i.e., ferromagnetic and antiferromagnetic
type “A” and “G”[l) were explored in DFT calculations. For the
calculation of electronic densities of states, the more accurate range-
separated hybrid functional HSEO6 was used.® For phonon frequency
calculations, the so-called “direct approach”®! was used, in which the
force-constant matrix of the crystal was directly calculated in real-space
by considering the proportionality between the atomic displacements
and forces when the former is sufficiently small (in this case this
condition was satisfied with atomic displacements of 0.02 A). Large
supercells containing 192 atoms were used in the calculations to
guarantee that the elements of the force-constant matrix had all fallen
off to negligible values at their boundaries, a condition that follows
from the use of periodic boundary conditions. A dense k-point grid
of 3 x 3 x 3 for the calculation of the atomic forces with VASP was
used. The computation of the non-local parts of the pseudopotential
contributions was performed in reciprocal space to maximize the
numerical accuracy. Once the force-constant matrix was determined,
it was Fourier transformed to obtain the phonon spectrum at any q
point contained in the BZ. This step was performed with the PHON
code,®] in which the translational invariance of the system (to impose
that the three acoustic branches were exactly zero at the T point) was
exploited and central differences in the atomic forces (i.e., positive and
negative atomic displacements were considered) were used. A complete
phonon calculation involved the evaluation of atomic forces for 144
different configurations by using the computational parameters just
described.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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