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ABSTRACT: Hydrogen incorporated into solids can adopt either protonic (H+)
or hydridic (H−) characteristics depending on the position of the Fermi level of
the host material. In recent years, not only proton-conducting materials but also
hydride-ion-conducting materials have been actively developed, enabling the
development of novel electrochemical devices that exploit the amphoteric nature
of hydrogen. At present, however, the relationship between the electrochemical
properties of hydrogen-ion-conducting materials and the amphoteric nature of
hydrogen remains scarcely explored. Herein, we investigate the electrochemical
window (ECW) of the H− conductor LaH3−2xOx and elucidate the underlying
amphoteric behavior of hydrogen. We determine the band alignment of LaH3−2xOx
and map the ECW onto an electronic energy scale referenced to the vacuum level. Based on this band alignment, we examine the
conduction behavior of LaH3−2xOx in a H2 atmosphere via electromotive force measurements of a hydrogen concentration cell. The
reducing limit of the ECW was governed by hydrogen extraction from LaH3−2xOx, whereas its oxidizing limit was governed by the
capture of positive charge by interstitial H−, leading to H+ formation and electronic conduction. Electromotive force measurements
of a hydrogen concentration cell revealed that, in addition to H− conduction, a finite contribution from H+ conduction emerges near
a hydrogen partial pressure of 1 atm. By capturing the amphoteric nature of hydrogen on an electronic energy scale, this paper
provides a unified perspective across different classes of hydrogen-ion conductors.

■ INTRODUCTION
Hydrogen in solids exhibits various bonding motifs and charge
states, ranging from protonic (H+) to hydridic (H−). This
amphoteric nature governs various material properties such as
charge-carrier transport, magnetic behavior, and chemical
reactivity.1−8 Hydrogen-ion-conducting materials, including
both H+ and H− conductors, have been actively developed as
key components for fuel cells and other electrochemical energy
conversion and storage devices.9−18 Along with the develop-
ment of materials exhibiting high ionic conductivity,
investigations on the characteristic features of hydrogen ions
in solids beyond mere differences in charge polarity, such as
their distinct chemical reactivity and reaction selectivity, have
also increased.19−21 The availability of a unified descriptor that
captures these properties of hydrogen in solids would
contribute to the rational design of new functional materials
and electrochemical devices, thereby opening up new
possibilities of hydrogen-based ionics.
In semiconductors, hydrogen often occupies interstitial sites

in the host semiconductor lattice, where it can act as a donor
or acceptor upon ionization into H+ or H−, thereby altering the
electrical conductivity of the host material.22,23 Hydrogen
charge states and donor/acceptor behaviors are often discussed
in terms of the theoretically calculated energies of interstitial-
hydrogen defect levels within band alignments referenced to

the vacuum level (Evac.) to understand their impact on charge
transport in semiconductors.24,25 The validity of this concept
has been corroborated experimentally, for example, by muon
spin spectroscopy.26,27

Recently, conceptual frameworks that consider electronic
structure and band-edge positions, established in semi-
conductor materials and device research, have increasingly
been extended to the design of electrochemical devices
employing ion conductors. In Li-ion battery applications, for
example, the band alignments of Li-conducting materials have
emerged as powerful tools for the design of electrolytes with a
wide electrochemical window (ECW)28,29�the potential
range over which an electrolyte functions without electronic
leakage�and for optimizing electrode/electrolyte interfa-
ces.30,31

By contrast, the electrochemical characteristics of hydrogen-
ion-conducting materials have not yet been viewed from an
electronic energy scale referenced to the Evac., which is
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commonly used in semiconductor research. One reason is that
the applications of conventional proton-conducting materials
have been largely confined to fuel cells and steam electrolysis
cells, where the operating potential range is constrained by the
H+/H2 and O2/H2O redox couples. However, recent progress
in H− conductors is changing this landscape. It has been shown
that proton-conducting In-doped BaZrO3, when exposed to
strongly reducing atmospheres, undergoes hydrogen reduction
to form H−, thereby exhibiting mixed H− and electron
conduction.18,32 In addition, electrolytic devices that integrate
proton-conducting and hydride-ion-conducting In-doped
BaZrO3 phases have been demonstrated.

33 For the design of
new electrochemical devices that exploit hydrogen amphoteric
behavior, it is essential to describe the redox properties of
hydrogen from the viewpoint of electronic energy scale.
In this study, we focus on lanthanum oxyhydrides,

LaH3−2xOx, which are H− conductors exhibiting fast H−

diffusivity.34,35 This class of materials is regarded as a highly
promising candidate for realizing new electrochemical devices
for CO2 reduction and NH3 synthesis by leveraging the high
reducing ability of H−.36,37 Herein, we reveal the amphoteric
behavior of hydrogen in LaH3−2xOx under hydrogen
atmospheres that are oxidizing conditions for H−. We further
show that partial protonation of hydrogen under these
conditions defines the ECW of LaH3−2xOx, which is
rationalized by an energy band alignment obtained from
photoemission experiments and defect levels estimated by first-
principles calculations.

■ EXPERIMENTAL SECTION

Synthesis of Sintered LaH3−2xOx Pellets
Sintered LaH3−2xOx pellets were prepared for the electrical measure-
ments. LaH3 powder was obtained by hydrogenating La ingots
(99.9%, Rare Metallic Co., Ltd.) via annealing at 400 °C under a ∼1
MPa H2 atmosphere for 10 h. The resulting LaH3 powder was mixed
with La2O3 (99.9%, Kojundo Chemical Laboratory Co., Ltd.) using a
zirconia mortar and pestle inside an Ar-filled glovebox. The mixed
powders were subsequently annealed at 775 °C under vacuum to
obtain LaH3−2xOx. During this process, LaH3 was dehydrogenated to
a metallic La, which promoted powder sintering. The samples were
rehydrogenated under a hydrogen atmosphere. Subsequent slow
cooling yielded crack-free H−-conductive pellets. Structural character-
ization was performed via X-ray diffraction (Rigaku Corp.
MiniFlex600) in an airtight capsule. Lattice parameters were
determined by Rietveld analysis using SmartLab Studio II (Rigaku
Corp.). The dependence of the lattice parameters of LaH3−2xOx on its
oxygen content agreed with the results reported in an earlier work
(Figure S1).34 The obtained compositions were consistent with the
nominal molar ratio of LaH3 and La2O3, indicating that oxygen
contamination during synthesis was negligible. The sintered
LaH3−2xOx pellets were dense, with relative densities exceeding
95%, as confirmed by cross-sectional microscopic observations
(Figure S2).

Preparation of LaH2.8O0.1 Thin Films
LaH2.8O0.1 thin films were deposited at room temperature by radio
frequency (RF) magnetron sputtering (Kenix Co., Ltd.) with 2-in. La
metal targets (99.9%, Rare Metallic Co., Ltd.). The chamber pressure
was pumped down to 5 × 10−5 Pa prior to deposition. Deposition was
performed in flowing Ar (99.9999%) with 12.5 vol % H2
(99.99999%). The deposition pressure was maintained at 0.6 Pa.
The as-deposited films were hydrogen-deficient and, hence, metallic.
Immediately after deposition and without air exposure, the films were
exposed to pure H2 gas at room temperature to dose hydrogen and
achieve an electronically insulating state (Figure S3). The apparent
stoichiometric composition of the films was estimated by comparing

the optical band gap determined from the transmission measurements
with that of powder samples synthesized by a solid-state reaction, the
details of which are described elsewhere.38 Although oxygen was not
intentionally introduced during deposition, the resulting films
exhibited oxygen incorporation, likely owing to the presence of
residual oxygen- and/or water-related species in the sputtering
chamber.
Electrical Measurements
Prior to the electrical measurements of the sintered LaH2.8O0.1
samples (6 mm in diameter and approximately 1 mm in thickness),
200 nm Mo or 50 nm Pd electrodes were deposited onto both sides of
the pellets by RF magnetron sputtering. The LaH2.8O0.1 sample was
placed on a homemade test jig in an airtight chamber. Alternating-
current (AC) impedance spectroscopy was performed from −100 to
100 °C under flowing N2 or H2 at ambient pressure, and the bulk
LaH2.8O0.1 and electrode interfacial resistances were extracted. Spectra
were recorded from 10 MHz to 1 mHz with an oscillation amplitude
of 100 mV using impedance analyzers (Solartron SI 1260 or
Novocontrol α-A equipped with a ZG2 interface). For the
LaH2.8O0.1 thin films, a capacitor-like cell, Pd/LaH2.8O0.1/Mo, was
fabricated on a Si wafer. The LaH2.8O0.1 layer thickness was 500 nm. A
50 nm Pd top electrode (5 mm in diameter) and 100 nm Mo bottom
electrode were also deposited by RF magnetron sputtering. Sweep
voltammetry was performed by using a potentiostat−galvanostat
(Solartron SI 1287A) at 25 °C under a H2 atmosphere with a scan
rate of 1 mV s−1.
Electromotive Force (EMF) Measurements of a Hydrogen
Concentration Cell
EMF measurements were performed using a symmetric Pd/
LaH2.8O0.1/Pd cell over 25−100 °C. The pellet was mounted on
the tube-end face, and its periphery was sealed with heat-resistant
epoxy to separate the atmospheres on the two faces. A small hydrogen
partial-pressure difference was applied, and the EMF was recorded
with a potentiostat (Solartron SI 1287A).
Ultraviolet Photoelectron Spectroscopy (UPS)
UPS measurements were conducted in a vacuum chamber with a base
pressure below 5 × 10−8 Pa by irradiation with He I emission lines
(21.22 eV). The emitted photoelectrons were detected using a
hemispherical analyzer (Scienta Omicron DA30-L) with a 10 eV pass
energy. Because UPS is highly sensitive to surface contamination, the
LaH3−2xOx pellets were fractured in a preparation chamber (∼7 ×
10−8 Pa) immediately before measurement. Secondary-electron cutoff
spectra were acquired under a negative sample bias to determine the
position of the vacuum level Evac.
Photoelectron Yield Spectroscopy (PYS)
PYS was carried out with monochromated photons (2.0−4.8 eV)
from a Xe lamp (Asahi Spectra MAX-303). The photon flux was
calibrated with an optical power detector (Newport 818-UV). A −50
V bias was applied to the sample to extract photoelectrons, and the
resulting current to ground was recorded with a pico-ammeter
(Keithley 6482).
Inverse Photoelectron Spectroscopy (IPES)
IPES measurements were conducted in bremsstrahlung isochromat
spectroscopy (BIS) mode, using an IPES system (PSP Vacuum
Technology, Ltd.). Immediately before each measurement, a sintered
pellet was scraped inside the vacuum chamber to achieve a clean
surface. The kinetic energy of incident electrons was scanned from 5
to 20 eV, and emitted photons were detected with a bandpass
detector comprising a fluoride window and a NaCl-coated Ta cone.
The energy scale was calibrated by measuring the Fermi edge of Au
foil, thereby determining the instrumental Fermi level (EF).
Density Functional Theory (DFT) Calculations
Periodic DFT calculations were performed as implemented in the
VASP code.39,40 The exchange and correlation energies were
calculated by generalized gradient approximation using Perdew−
Burke−Ernzerhof parametrization.41 Valence electrons were expanded
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in terms of a plane wave basis set, with the core electrons treated
using the projected augmented wave approach.42 The plane wave
cutoff energy was set to 520 eV for all systems, and the Brillouin zone
was sampled with a k-point grid with a spacing of 0.03 × 2π Å−1. The
convergence threshold was set to 1.0 × 10−8 eV for electronic
relaxation and 2.0 × 10−5 eV Å−1 for force relaxation. A 2 × 2 × 2
supercell of LaH2.5O0.25 with R3̅m symmetry43 (containing 120
atoms) was constructed to evaluate the defect behavior. The pydefect
code44 was used to handle and analyze the defect calculations.

■ RESULTS AND DISCUSSION
Figure 1a,b show Nyquist plots of the AC impedance for a
sintered LaH2.8O0.1 pellet measured using Mo electrodes
between −100 and 100 °C under a N2 atmosphere. At lower
temperatures, a nearly ideal semicircle appears in the high-
frequency region, which is attributed to bulk hydride-ion
transport in LaH2.8O0.1. This indicates that the contribution
from grain-boundary conduction is negligibly small, which is
consistent with the high relative density of the sintered sample
and the smooth fracture surface observed in Figure S2. The
linear impedance response observed in the low-frequency
region reflects negligible electronic conduction in LaH2.8O0.1
and strongly hindered hydrogen transport at the Mo/
LaH2.8O0.1 interface, giving rise to a diffusion-limited response
with pronounced resistive and capacitive components. These
results confirm the ion-blocking nature of the Mo electrode. As

the temperature increases, the semicircle in the high-frequency
region gradually disappears, leaving only a resistive component.
This behavior indicates that ionic transport in the bulk
becomes fast with increasing temperature so that its capacitive
contribution can no longer be resolved within the measured
frequency range. Ionic conductivity was estimated from the
bulk response, which was fitted with an equivalent circuit
consisting of a resistor (R) and constant-phase elements
(CPEs) connected in parallel for lower temperatures or with a
single resistor for higher temperatures. The electronic
conductivity of LaH2.8O0.1 was subsequently determined from
the steady-state current under an applied direct-current (DC)
bias in this ion-blocking cell (Figure S4). The obtained ionic
and electronic conductivities agree well with previously
reported values for LaH2.8O0.1 (Figure S5).

35 The electronic
conductivity is several orders of magnitude lower than the
ionic conductivity, thereby confirming that LaH2.8O0.1 behaves
as an ionic conductor with an ionic transport number tion of 1.
Figure 1c shows the impedance spectra of a sintered

LaH2.8O0.1 pellet measured at 100 °C under a H2 atmosphere.
When Pd electrodes, which are catalytically active for hydrogen
and show hydrogen permeability,45,46 are used, the impedance
spectra (red circles) exhibit an inductive feature above 1 MHz,
followed by two semicircles that converge toward the real axis
at low frequencies. These semicircles are likely associated with

Figure 1. Nyquist plots of a sintered LaH2.8O0.1 pellet. (a) Nyquist plot measured with Mo electrodes at −100 °C under a N2 atmosphere. The
green line represents the fitting result obtained using an equivalent circuit consisting of a resistor, R, and constant phase elements, CPEs, connected
in parallel along with an additional CPE accounting for ion-blocking polarization. (b) Temperature dependence of the Nyquist plots measured with
Mo electrodes under a N2 atmosphere. The purple, blue, green, and red open circles correspond to temperatures of 0, 25, 50, and 100 °C,
respectively. (c) Nyquist plots measured at 100 °C under a H2 atmosphere. The blue and red open circles represent data obtained with Mo (ion-
blocking) and Pd (ion-reversible) electrodes, respectively.

Figure 2. Measurement of the ECW of a LaH2.8O0.1 thin film. (a) Schematic illustration of an asymmetric Pd/LaH2.8O0.1/Mo electrochemical cell
fabricated on a Si substrate. A DC bias was applied to the cell under 1 atm H2. The Pd electrode was taken to be in equilibrium with hydrogen and
was used as a nonpolarizable reference electrode. (b, c) I−V curves obtained by linear sweep voltammetry of the cell shown in (a) at a scan rate of 1
mV s−1 plotted on a (b) logarithmic and (c) linear current scale. A cathodic polarization was applied to the Mo electrode with respect to the Pd
electrode by sweeping the potential in the range 0 V → −1 V → 0 V vs Pd, extracting hydrogen from the thin film. The first and second cycles are
shown in sky blue and blue, respectively. An anodic polarization was applied by sweeping the potential in the range 0 V → 0.2 V → 0 V vs Pd,
injecting hydrogen into the thin film. The first and second cycles are shown in pink and red, respectively. The I−V curves measured under
potentials above 0.2 V are shown in gray. After a current kink at approximately 0.2 V, the film becomes irreversibly low-resistive, which is attributed
to H2 evolution at the bottom Mo electrode and the destruction of the capacitor-like structure.
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charge-transfer reactions at the Pd interface and changes in the
surface coverage of adsorbed hydrogen species.47 Replacing Pd
with Mo on the same specimen leaves the high-frequency
response essentially unchanged; by contrast, in the low-
frequency region, the impedance measured with Mo electrodes
shows a linear response characteristic of ion-blocking (blue
circles). These results indicate that Pd electrodes do not
induce additional electronic conduction in LaH2.8O0.1, but
enable ion transport across the Pd/LaH2.8O0.1 interfaces and
act as ion-reversible electrodes.
Figure 2a shows a schematic illustration of an asymmetric

Pd/LaH2.8O0.1/Mo cell fabricated on a Si substrate. The
asymmetric cell was polarized under a H2 atmosphere to
investigate the ECW of LaH2.8O0.1. Because hydrogen can be
reversibly exchanged between the gas phase and the Pd
electrode, the hydrogen chemical potential μH° at the Pd/
LaH2.8O0.1 interface is fixed. Under a zero net H− current
(Hebb−Wagner condition),48 the applied bias determines the
hydrogen chemical potential μH at the Mo side, as described in
eq 1.

= ° + ° = ° +RT
p p FE

2
ln( / )H H H H H2 2 (1)

where R, T, pHd2
, pHd2

° , F, and E denote the gas constant, absolute
temperature, hydrogen partial pressure at the Mo/LaH2.8O0.1
interface, hydrogen partial pressure at the Pd/LaH2.8O0.1
interface (1 atm), Faraday constant, and electric potential
applied to Mo relative to Pd, respectively. Figure 2b,c show the
current−voltage (I−V) curves obtained from the linear sweep
voltammograms of the asymmetric cell measured at 25 °C.
Upon the cathodic polarization of the Mo side (i.e., decreasing
μH at the Mo/LaH2.8O0.1 interface), the current rises sharply at
around −0.4 V. This onset is attributed to hydrogen release
from LaH3−2xOx through the Pd electrode, accompanied by the
formation of hydrogen vacancies and electrons at the Mo side,
according to eq 2.

+ +× •H
1
2

H V eH 2 H (2)

where the defects are denoted according to the Kröger−Vink
notation.49 Since the hydrogen vacancies VH× act as shallow
donors, an increase in their density leads to spatial overlap of
the associated electronic states, resulting in the formation of a
defect band near the conduction band minimum (CBM).38,50

This steep increase in current indicates that electronic
conduction prevails over ionic conduction in LaH2.8O0.1,
which is defined as the reduction limit of the ECW of
LaH2.8O0.1 (blue curve in Figure 2c). When the electric
potential is swept back to values more positive than −0.4 V,
the current retraces nearly the same curve as in the forward
sweep, and LaH2.8O0.1 returns to a high-resistance state.
Because hydrogen is incorporated into LaH2.8O0.1 through the
top Pd electrode, this behavior is attributed to the refilling of
hydrogen vacancies and the accompanying decrease in electron
carrier density.
Conversely, under anodic polarization (i.e., increasing μH at

the Mo/LaH2.8O0.1 interface), the current increases from ∼0 V,
again indicating the appearance of electronic conduction. This
behavior defines the oxidation limit of the ECW of LaH2.8O0.1
(Figure 2c). When H− ions are driven toward the bottom Mo
electrode by the applied field, H2 evolution at the Mo electrode
may generate the resulting electronic current. Once the applied
voltage exceeds approximately 0.2 V, the current begins to rise
steeply, and, in the reverse sweep, it no longer retraces the
forward curve, indicating the occurrence of an irreversible
change in the cell (gray curve in Figure 2b). This trend is
ascribed to an electrical short between the top and bottom
electrodes caused by the destruction of the capacitor-like
structure owing to H2 evolution at the Mo electrode, as shown
in Figure S6. Thus, the overpotential for the H2 evolution
reaction at the Mo electrode is estimated to be around 0.2 V.
Below this overpotential, where H2 evolution does not occur,
the current in the reverse sweep retraces the forward I−V
curve, and this behavior remains unchanged even after
repeated cycling (red curve). Thus, the increase in current

Figure 3. Energy band alignment for LaH3−2xOx. (a) UPS and IPES spectra (solid lines) and PYS data (dots) for LaH3−2xOx. All energy levels are
referenced to the vacuum level (Evac.). The spectra for x = 0, 0.1, and 0.2 are shown in red, green, and blue, respectively. The CBM and VBM are
represented by dotted and chain lines, respectively, and EF is marked with a black arrow. (b) Oxygen-content dependence of the CBM and VBM
energies of LaH3−2xOx. The CBM and VBM are represented by blue and red triangles, respectively, and the corresponding EF values are shown as
black solid lines. Schematic illustrations of the arrangements of La and H atoms primarily comprising each band edge, viewed along the [100]
direction, are also given.
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observed in this voltage range is attributed to the resistive
change of LaH2.8O0.1 associated with the onset of electronic
conduction. The appearance of electronic conduction when
hydrogen is injected into the film under anodic polarization
can be explained by two possible scenarios: (i) injected
interstitial hydrogen is ionized into H−, releasing holes

+× •h
1
2

H H Hi i2 (3)

or (ii) interstitial hydrogen is protonated and acts as an
electron donor

+× •1
2

H H H ei i2 (4)

We investigated the origin of electronic conduction in
LaH3−2xOx by hydrogen injection based on the band alignment
determined from the photoemission experiments and the
defect energy levels evaluated by DFT calculations. Figure 3a
presents the combined UPS and IPES spectra for LaH3−2xOx
(x = 0, 0.1, and 0.2), showing the energies of the valence band
maximum (VBM), CBM, and EF referenced to the Evac. and the
optical band gap (Eg). The EF were determined from the
secondary-electron cutoff in the He I (21.22 eV) UPS spectra.
As shown in previous work, the VBM energy of LaH3 cannot
be reliably determined from the photoemission spectra
obtained by irradiation with vacuum ultraviolet (VUV) rays
because the VBM is mainly composed of H 1s states with a
very small density of states, and the H-1s photoionization cross
section in the VUV range is small, resulting in an extremely
weak photoemission intensity near the VBM.51 Accordingly,
the VBM energies for the oxyhydrides were determined from
the onset of the total PYS profiles obtained by excitation with
photons in the visible-to-ultraviolet light range (2.0−4.8 eV),

in which the photoionization cross section of H 1s states is
relatively large.52 The resulting PYS are plotted as dots in
Figure 3a. The CBM energies were determined by adding the
Eg reported in an earlier study38 to the VBM energies
determined from PYS. The resulting CBMs are in good
agreement with the onset of the IPES spectra.
Figure 3b shows the oxygen-content dependence of the

CBM and VBM energies of LaH3−2xOx (x = 0, 0.1, and 0.2). As
the oxygen content increases, the band gap widens, primarily
because the La-5d-derived CBM shifts upward, whereas the
VBM slightly shifts downward. Consequently, the EF, which
lies at nearly the same energy relative to the Evac., moves
toward the middle of the gap. This trend is consistent with the
oxygen-content dependence of the observed electrical
characteristics: LaH3 behaves as an n-type electronic
conductor,53 while in the oxyhydrides, electronic conduction
is suppressed and ion conduction becomes predominant.34,35

The upward shift of the CBM with increasing oxygen content
reflects the formation of La−O ionic bonds. This is supported
by the core-level X-ray photoemission spectra for La 3d, which
exhibit a downward shift relative to the Evac. with increasing
oxygen content (Figure S7). On the other hand, the
insensitivity of VBM energy to oxygen content suggests that
the bonding character of La−H, and thus the nature of hydride
ions, is not substantially altered by oxygen doping. Oxygen-
undoped LaH3 adopts a structure in which hydrogen densely
occupies both the tetrahedral and octahedral interstitial sites of
the fcc La lattice. As a result, hydride ions in LaH3 exhibit
appreciable H−H interactions, and the VBM is dominated by
the antibonding states between neighboring hydride ions,
which significantly elevate the VBM relative to the energy of
isolated hydride ions. Consequently, the H 1s-derived VBM
lies close to the EF, indicating that hydride ions in LaH3 are

Figure 4. Calculated defect and equilibrium Fermi levels in LaH2.5O0.25. (a) Plots of the formation enthalpies (ΔH) of point defects in LaH2.5O0.25
as a function of the EF position relative to the energy of VBM (EV), calculated for (a) pHd2

= 1 atm. (b) Hypothetical plot for pHd2
≫ 1 atm at 300 K.

The formation enthalpies calculated at pHd2
= 1 atm are shown as faint lines for comparison. Hi, VH(Oc.), and OH(T) denote an interstitial hydrogen

occupying a vacant octahedral site (Oc.) created for charge compensation upon O doping, a hydrogen vacancy at an Oc. site, and an oxygen at a
tetrahedral hydrogen site (T), respectively. The ε (±) represents the charge-neutrality level (CNL) of Hi. Relaxed structure upon the formation of
(c) Hi′ and (d) Hi

• in LaH2.5O0.25. La, O(T), H(T), and Hi are shown as green, red, pink, and black spheres, respectively. A dihydrogen defect is
formed between Hi

• and a neighboring H(T), and its side-on interaction with an adjacent La atom is indicated by red dashed lines. (e) Schematic
illustration of the bonding/antibonding interactions between Hi

× and a surrounding H−, accounting for the upward shift of the CNL.
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better described as being close to a neutral hydrogen than
those in ionic alkali and alkaline-earth metal hydrides.51,54

These characteristic features of hydride ions are largely
retained in the oxygen-doped oxyhydrides.
Figure 4a plots the calculated defect formation energies of

point defects against the EF in LaH2.5O0.5 under pHd2
= 1 atm at

300 K. As demonstrated in Figures 2b, S8, and S9, LaH3−2xOx
can switch between ionic and electronic conductive states by
the electrochemical insertion and extraction of H− and
variations in pHd2

or μH in the gas phase. In the temperature
range of our experiments (≤100 °C), only hydrogen species
exhibit appreciable mobility, whereas La and O are essentially
immobile.35 Accordingly, the equilibrium EF was estimated by
imposing charge neutrality on the defects whose formation
does not involve La or O diffusion. Under pHd2

= 1 atm or μH =
μH° , the equilibrium EF is determined by charge compensation
between positively charged VH(Oc.)• and negatively charged
OH(T)′ and Hi′. Here, the interstitial site is an octahedral anion
site that is left vacant upon oxygen substitution to maintain
charge neutrality. The resultant EF lies approximately 0.6 eV
below the CBM, which is in good agreement with the
experimentally observed energy separation between the EF and
CBM in LaH2.6O0.2 shown in Figure 3.
Under pHd2

≫ 1 atm or μH ≫ μH° , VH(Oc.) formation becomes
less favorable, whereas Hi formation becomes more favorable.
Consequently, the EF, which is determined by the charge
neutrality between these defects, shifts to a lower level. This
trend is confirmed by calculations at pHd2

= 100 atm, as shown
in Figure S10. Thus, upon anodic polarization, as shown in
Figure 2b, provided that polarization is not limited by the H2

evolution reaction, the EF can be lowered to the charge
neutrality level (CNL), ε (±), of Hi

22,26 and does not decrease
further because it is pinned at the CNL by the redox
equilibrium between negatively charged Hi′ and positively
charged Hi

•. For this reason, EF never drops into the valence
band, and the hole-doping reaction described by eq 3, in which
Hi

× acts as an acceptor, does not occur. Even when a more
positive potential is applied beyond this CNL to further lower
the EF, Hi is oxidized according to eq 4, generating electrons.
The released electrons populate an impurity band in the gap,
leading to electronic conduction, as observed upon anodic
polarization of the oxyhydride (Figure 2b). The impurity band
formed during this process may be analogous to that generated
by the photoinduced protonation of H− in rare-earth
oxyhydride thin films, a process proposed as the origin of
their photochromic behavior.55,56 Electronic conduction is
observed upon only a slight anodic polarization with respect to
the Pd electrode equilibrated with 1 atm of H2. This finding
suggests that the experimental EF in equilibrium with the
hydrogen atmosphere is located very close to the CNL of Hi,
which represents the oxidation limit of H−.
The relaxed structures of LaH2.5O0.5 containing Hi′ and Hi

•

are presented in Figure 4c,d, respectively. Hi
• is electrostati-

cally attracted to hydrogen at the nearest tetrahedral site, and a
dihydrogen defect, which can be denoted as H2i

• in Kröger−
Vink notation, is formed. The resulting H−H distance of 0.84
Å is significantly longer than that in a H2 molecule (0.74 Å).

57

Such a dihydrogen defect may be regarded as analogous to that
in transition-metal dihydrogen complexes in organometallic
chemistry.58 In these complexes, an H2 molecule can bind side-
on to the metal center by donating its two σ electrons to a

Figure 5. EMF measurements of a hydrogen concentration cell. (a) Schematic illustration of the hydrogen concentration cell setup for LaH2.8O0.1.
(b) Time evolution of the EMF at 25 °C when pHd2

′ is fixed at 1 atm while pHd2
″ is varied. The dashed lines in red, orange, yellow, green, and blue serve

as eye guides for pHd2
″ = 1.0, 0.88, 0.75, 0.63, and 0.50 atm, respectively. (c) EMF at 25 °C plotted as a function of p pln( / )RT

F2 H H2 2
. The red triangles

denote the EMF values obtained while pHd2
″ is decreased, whereas the blue triangles denote those obtained while pHd2

″ is increased. The corresponding
linear fit, shown as a green line, and slope are also presented. The black dashed line represents a slope of 1. (d) Temperature dependence of the
apparent transport numbers of H− (red) and H+ (blue) determined from the EMF measurements, together with the ionic transport number from
the DC polarization of a Mo ion-blocking cell (black).
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vacant metal d orbital. The elongated H−H bond observed in
LaH2.5O0.25 is attributable to bonding interactions with the
neighboring La cations, as indicated by the red dashed line in
Figure 4d. A similar configuration has been reported for
crystalline yttrium oxyhydrides, YH3−2xOx, in relation to their
photochromic mechanism, in which such dihydrogen defects
have been proposed to act as electron donors.56,59

Our static DFT calculations indicate that the formation
energy of Hi

• is rather larger than that of VH(Oc.)•, implying that
Hi

• is unlikely to contribute to determining the EF position
under pHd2

= 1 atm at 300 K. This assessment, however, does
not fully reflect the actual hydrogen environment in
LaH3−2xOx. As described above, in LaH3−2xOx, most of the
tetrahedral and octahedral interstitial sites of the fcc La
sublattice are occupied by hydrogen, resulting in a densely
packed hydrogen sublattice. In such an environment, Hi can
readily engage in bonding−antibonding interactions with the
surrounding H−, giving rise to a shift in the CNL to higher
energies, thereby making Hi′ more susceptible to oxidation and
lowering the formation energy of Hi

• (Figure 4e). This is
reasonable in light of the fact that hydrogen exhibits high
diffusivity in LaH3−2xOx even at room temperature. Under such
conditions, the positive charge need not remain statically
localized within a single H−H pair but can be shared by a
larger number of surrounding mobile H−. Such collective
interactions within the hydrogen network stabilize Hi

•

compared with the static-defect picture. As a consequence,
LaH3−2xOx is expected to exhibit a characteristic high CNL,
which narrows the oxidizing limit of the ECW. Accordingly, at
equilibrium under pHd2

= 1 atm, EF is located just above the
elevated CNL, so that a slight anodic polarization, correspond-
ing to a small downward shift of EF, would be sufficient to
reach the CNL.
The EMF of a hydrogen concentration cell was measured

under conditions near 1 atm of H2 using the experimental
setup illustrated in Figure 5a. A symmetric Pd/LaH2.8O0.1/Pd
cell was bonded to a Pyrex tube with epoxy adhesive, which
served as a gastight seal separating the two electrodes. The
cross-sectional scanning electron microscopy image of
LaH2.8O0.1 in Figure S2 reveals a dense microstructure without
observable voids, indicating that mechanical gas leakage
through the pellet is negligible when a hydrogen partial-
pressure gradient is applied across the sample.
Figure 5b shows the EMF relaxation behavior recorded at 25

°C following stepwise changes in the hydrogen partial pressure,
pHd2
″ , at one electrode, while the hydrogen partial pressure at the
other electrode, pHd2

′ , was fixed at 1 atm. Owing to the bipolarity
of hydrogen, two types of electrode reactions can be
considered

= ++1
2

H H e2 (5)

and

+ =1
2

H e H2 (6)

The corresponding theoretical magnitudes of the EMF for
these reactions are given by eqs 7 and 8, respectively.

=+ +t
RT

F
p pEMF

2
ln( / )H H H H2 2 (7)

= t
RT

F
p pEMF

2
ln( / )H H H H2 2 (8)

where tH+ and tH− are the transport numbers of H+ and H−,
respectively. Thus, the negative EMF on the lower pHd2

″ side
clearly indicates that eq 6 is dominant for Pd/LaH2.8O0.1. The
EMF exhibits fast relaxation and attains a steady state within
∼10 min, indicating that the electrode reactions have reached
equilibrium. This is attributed to rapid H2 dissociation and
association at Pd electrodes.
As shown in Figure 5c, the measured EMF is proportional to

p pln( / )RT
F2 H H2 2

, but its magnitude is slightly smaller than the
value for tH− = 1, indicating that tH− is somewhat less than 1.
However, as shown in Figure S5, under these conditions, the
transport number of electronic carriers tel is very small (<10−4),
and tion is essentially 1. Thus, the reduced EMF cannot be
ascribed to electronic leakage.
Considering that the EMF is measured under conditions in

which Hi can be partially protonated, the EMF may be
expected to include contributions from not only the reaction
described by eq 8 but also that described by eq 7. The EMF
determined by the competition between these reactions is
given by eq 9

= +
RT

F
t t p pEMF

2
( )ln( / )H H H H2 2 (9)

The slope of the experimental EMF in Figure 5c corresponds
to the value of tH− − tH+. The apparent individual values of tH−

and tH+ can be determined using tion = tH− + tH+ = 1, as
summarized in Figure 5d. We emphasize that the EMF data
only quantify the net number of charges transported per
hydrogen transported and, therefore, do not identify the
microscopic mechanism of the mixed conduction of H− and
H+. Nevertheless, the observed EMF behavior suggests that, as
discussed above, the EF approaches the CNL of the Hi under a
H2 atmosphere.
Here, we take an overview of the amphoteric behavior of

hydrogen across H+ and H− conductors from the perspective
of an electronic energy scale. Figure 6 summarizes the energy
band alignments of LaH3−2xOx (left) and a typical perovskite-
type proton-conducting oxide electrolyte, that is, an acceptor-
doped BaZrO3 (Acc-doped BZO; right).60 The ECW of
LaH3−2xOx is also shown, and all energy levels are referenced

Figure 6. Energy band alignments of LaH2.8O0.1 and a proton-
conducting acceptor-doped BaZrO3 (Acc-doped BZO), together with
the electrochemical window (ECW). The band positions and ECW of
LaH2.8O0.1 were determined experimentally in this work. The band
alignment of Acc-doped BZO was constructed based on values
reported in previous studies,60 with the EF drawn schematically at an
arbitrary level below the midgap under oxidizing conditions. Upon
reduction of Acc-doped BZO, the EF shifts toward the CNL of Hi,
leading to the conversion of H+ into H−.
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to the Evac.. At the reduction limit of LaH3−2xOx (i.e., low pHd2
),

VH• formation gives rise to a defect band just below the
conduction band. At the oxidation limit (i.e., high pHd2

), Hi

oxidation leads to electron doping. Thus, the CNL of the Hi
corresponds to this oxidation limit. The EF of LaH3−2xOx in
equilibrium with 1 atm of H2 lies close to this oxidation limit.
As revealed by the EMF measurements, hydrogen transport
under these conditions involves not only H− conduction but
also a partial contribution from H+ conduction. However,
because the EF remains within the ECW, LaH3−2xOx does not
exhibit electronic conduction.
The VBM of Acc-doped BZO, which is mainly composed of

O 2p states, lies nearly 2 eV lower in energy than the H 1s-
derived VBM of LaH3−2xOx. In Acc-doped BZO, oxygen
vacancies (VO••) form to maintain charge neutrality upon
acceptor doping. Protons are introduced via the hydration
reaction of VO•• and conduct as ionic charge carriers.9 As the
EF of Acc-doped BZO is located closer to the VBM than to the
middle of the band gap under oxidizing conditions,61 this EF is
positioned at a significantly lower energy than that of
LaH3−2xOx, illustrating that LaH3−2xOx has much stronger
reducing power than proton-conducting oxides such as Acc-
BZO.19

Under strongly reducing conditions, perovskite-type oxides
can accommodate H−, leading to mixed H− and electronic
conduction.6,18,32 This may be understood as the EF crossing
the CNL of Hi from the oxidizing to the reducing side, thereby
changing from H+ to H−. Thus, the CNL of Hi defines the
reducing limit of Acc-doped BZO. To the best of our
knowledge, however, the reduction behavior of these oxides
has not yet been examined in terms of electronic energy on an
absolute scale referenced to the Evac.. Nevertheless, theoretical
calculations indicate that, among various oxides, the CNL of Hi
is typically located at around −4 eV relative to the Evac..

24−26

This provides a clear contrast to LaH3−2xOx, in which the CNL
is located at an exceptionally high energy owing to strong H−
H interactions.
Taken together, it can be seen that, among materials that

accommodate what are referred to as “hydride ions”, the
position of the EF can vary widely. Although “hydride ions” are
commonly regarded as strong reducing species based on an
electrode potential of E(H2/H−) = −2.25 V versus the
standard hydrogen electrode in aqueous systems,62 the fact
that their redox potential in solids, E(H+/H−)�corresponding
to the CNL position�is strongly dependent on the host
material has largely been overlooked. Describing hydrogen in
solids in terms of an electronic energy scale is expected to
provide valuable insight into its chemical reactivity and charge-
transport properties. Future studies that systematically
organize band alignments across a wide range of hydrogen-
ion conductors will help achieve a comprehensive under-
standing of the characteristics of hydrogen in solids and will
provide a rational basis for designing new electrochemical
devices that exploit the amphoteric nature of hydrogen.

■ CONCLUSION
In this work, we investigated the ECW of LaH3−2xOx and
positioned it on an absolute electronic energy scale referenced
to the Evac.. The ECW of the LaH2.8O0.1 thin film determined
by Hebb−Wagner polarization ranged from approximately
−0.4 to 0 V versus Pd in equilibrium with a 1 atm H2
atmosphere. From the photoemission experiments, we

determined the positions of the VBM and CBM of LaH3−2xOx
(x = 0, 0.1, and 0.2) from the Evac.; the VBM lies at
approximately −4 eV, while the CBM is located at −2.5 to −2
eV, depending on the oxygen content of the oxyhydride. We
found that the EF under 1 atm of H2 is determined by the
charge neutrality condition among Hi′, VH•, and OH′, and lies
above the midgap, close to the CBM. Based on this EF
position, we examined the redox reactions that determine the
reducing and oxidizing limits of the ECW of LaH3−2xOx. The
reducing limit of the ECW is governed by the hydrogen
extraction reaction from LaH3−2xOx, which creates VH• and
thereby forms a defect band near the CBM, giving rise to
electronic conduction. On the other hand, the oxidizing limit
of the ECW is not governed by H2 evolution from the
oxidation of H− but by a reaction in which interstitial H− ions
capture positive charges to form H+, thereby giving rise to
electronic conduction. This implies that the EF approaches the
CNL of Hi. H+ can be stabilized in the H− lattice through
bonding−antibonding interactions with the surrounding H−

ions, enabled by the short H−H separations in LaH3−2xOx.
When the EMF of a hydrogen concentration cell is measured
near pHd2

= 1 atm, which is close to the onset of Hi oxidation,
both H− conduction and a partial contribution from H+

conduction are observed. Such behavior reflects the ampho-
teric nature of hydrogen. Capturing this amphoteric nature of
hydrogen on an electronic energy scale provides a unified
perspective on the chemical reactivity and charge-transport
properties across different classes of hydrogen-ion conductors.
Our findings can contribute to the rational design and
understanding of new materials and devices that effectively
exploit the amphoteric character of hydrogen.
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