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Abstract

Non-stoichiometric Lai.sSro.5Ga30O7.25s melilite oxide ion conductor features active interstitial oxygen
defects in the pentagonal rings with high mobility. In this study, electron localization function
calculation by density functional theory indicated that the interstitial oxide ions located in the
pentagonal rings of the gallate melilites may be removed and replaced by electron anions, which are
confined within the pentagonal rings, which would therefore convert the melilite interstitial oxide ion
conductor into a zero-dimensional (0D) electride. The more active interstitials oxide ions, compared
to the framework oxide ions, make the Lai.sSrosGasO7.2s melilite structure more reducible by CaH>
using topotactic reduction, in contrast with the hardly reducible nature of the parent LaSrGasO7. The
topotactic reduction enhances the bulk electronic conduction (¢ ~ 0.003 S/cm at 400°C) by ~ one
order of magnitude for Lai.5Sr0.5Ga307.25. The oxygen loss in the melilite structure was verified and
most likely takes place on the active interstitial oxide ions. The identified confinement space for
electronic anions in melilite interstitial oxide ion conductors presented here provides a strategy to

access inorganic electrides from interstitial oxide ion conductor electrolytes.
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Introduction

Electrides that trap anionic electrons are an important class of ionic compounds demonstrating
interesting chemical and physical properties such as strong reduction, metallicity, superconductivity,
and catalytic activity owing to their unique electronic structures showing various anionic electron
interconnectivity dimensionality from zero to three.! 2 Electrides are classified as inorganic and
organic types depending on the constituting elements of the framework structures. Most of electrides
suffer from poor stability at room temperature and in air, therefore the synthesis of stable electrides
is still challenging. Owing to stability advantages over organic electrides, the synthesis of inorganic
electrides and the exploration of their potential applications have received considerable attentions.’
So far only a few inorganic electrides have been successfully prepared although theoretical studies
predicted many more potential inorganic electrides.*® The well-known examples of inorganic
electrides includes calcium aluminate mayenite Cai2Ali4O33-based electrides (abbreviated as
C12A7:¢7)_ENREF 6 and dicalcium nitride CazN compound_ENREF 7 with various confinement

spacings for anionic electrons covering from isolated to layered dimensionalities.”®

Among the known inorganic electrides, C12A7:e™ electrides have been standing at frontier of
inorganic electrides owing to their outstanding thermal and chemical stability at room temperature in
air and intriguing functions for various applications.!_ENREF_1°'3 Ca12A114033 adopts a 3-dimensional
(3D) tetrahedral network structure with subnanometer-sized cages which are partially occupied by
extra oxygen atoms. The encaged oxygen atoms can be replaced by electron anions through topotactic
reduction, leading to C12A7:e” electrides with variable concentration of anionic electrons and
therefore displaying different colors.” These electron anions are confined within the isolated cages,
thus C12A7:e™ represents a zero dimensional (0OD) electride which may work as electron field emitter

and cathode materials for organic light emitting diodes.'"" '* Initially, the anionic electrons in



C12A7:e~ was found to form diamagnetism’ and later to display superconductivity with very low
critical temperature 0.16-0.4 K, being the first example of electride superconductor.'® The electron
anions in C12A7:e” can be replaced by hydride anions and the reversible storage and release of
hydrogen in the cage make C12A7:e™ an efficient catalyst for ammonia synthesis at low temperature
and ambient pressure when combined with the conventional Ru catalyst.” ¥ However the recent
investigation by Weber et al. concluded that the industrial application potential of C12A7:e™ as
catalyst for the ammonia synthesis is limited due to the irreversible hydride formation at pressures >

1 MPa.'> ENREF 7

As the topology of the confining cavity for anionic electrons has significant impact to the physical
properties of electrides, it is important to identify new confinement spaces with unique topologies for
anionic electrons in order to discover electrides with advanced performances.® The discovery of the
C12A7:e" electride by Hosono et. al.” provides a useful structural route to access new inorganic
electrides from the known structure prototypes of oxides containing extra oxygen atoms, which are
not bonded to the polyhedral framework, as well as the hardly reducible cations e.g. alkaline (earth)
and aluminum cations through topotactic reduction. This strategy indeed applies to the recently
theoretical-predicted LasSr2(SiOs)s:4e~ silicate apatite 1-dimensional (1D) electride,'® which was
synthesized partially through removing the 1D oxygen channels bonding with the La/Sr cations only.
In the Cai2Ali4O33 mayenite structure, the encaged extra oxygen atoms display mobility at high
temperatures leading to oxide ion conductivity properties comparable to those of yttrium-stabilized
zirconia YSZ.!7_ENREF 15 The possibility to remove the mobile encaged oxygen atoms in the
mayenite structure using topotactic reduction inspired our interest in interstitial oxide ion conducting
electrolytes for discovery of new anionic electron confinement spacing and therefore oxide-based

inorganic electrides. Indeed the environment for interstitial oxide ions could provide confinement



space for electrons if these interstitial oxide ions can be removed.
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Figure 1. Crystal structure for interstitial oxide ion conducting gallate Melilite LaSrGasO7. (a)
Stacking of the (La/Sr) and (Ga3O7) layers along the c axis. (b) 2D (Ga3O7)* corner-shared tetrahedral
layer. (c) Cage confining the interstitial oxide ion (O4, pink) located in the five-fold rings and between

two A cations. (d) Trigonal bipyramidal GaOs unit arising from incorporation of interstitial oxide ion.

The LaSrGazO7 Melilite structure is composed of alternative large cationic (La/Sr) layers and
corner-sharing Ga3O7 tetrahedral layers (Figure la), featuring five-fold tunnels consisting of five
corner-sharing GaOs tetrahedra. The large (La/Sr) cations are eight-coordinated and located in the
five-fold tunnels (Figure 1b).The gallate melilites have shown the ability to accommodate interstitial
oxide ion defects with high mobility, which are incorporated into the non-planar five-fold rings and
between two A cations (Figure 1c), transforming one of the tetrahedral GaO4 with terminal oxygen
(02) in the ring into a trigonal bipyramidal GaOs (Figure 1d).'® Recently, density function theory
(DFT) calculations on the Lai.sSro.sGaz07.25 composition revealed that the interstitial oxide ions have
cooperatively weak antibonding interaction with framework oxygen atoms'?, which make interstitials
oxide ions highly active, i.e. they are loosely bound with the framework, which could be favorable

for chemical reduction. Herein we demonstrate in principle that interstitial oxide ions in the



pentagonal rings of the gallate melilites may be removed and replaced by electron anions which can
be confined within the pentagonal rings and convert the melilite interstitial oxide ion conductors into
0D electrides and report its experimental verification. This work unravels a new cage-shaped

confining space (Figure 1c) consisting of pentagonal rings and two A cations for the electron anions.

Methods

Synthesis. The LaiwSri+GazO7+osx (x = 0, 0.5) polycrystalline samples prior to the topotactic
reduction were prepared by high—temperature solid—state reaction using La203 (99.99%, Aladdin),
Ga203 (99.9%, Aladdin), and SrCOs (99.9%, Aladdin) as starting materials, which were weighed
according to the correct stoichiometries with excess Ga203 (~ 3 mol%) and mixed thoroughly in
ethanol using an agate mortar and pestle. The mixtures were preheated at 1200 °C for 12 h in air, then
ground, uniaxially pressed into pellets and finally fired at 1400 °C for 12 h, leading to dense pellets

with ~ 92% of X-ray theoretical densities.

The topotactic reduction of the Lai+:Sr1xGazO7+0.5: (x = 0, 0.5) samples was performed using CaH:
(Aladdin, > 98.5%) as a solid-state reducing agent. The as-made thin dense bulk ceramic samples (~
1.4 mm thickness) from the high temperature sintering in air described above were buried in CaHz
powder (according to the mass ratio of melilite to CaHz, 0.5:1) in an argon-filled glovebox (O2 and
H20 < 1 ppm), which were sealed in evacuated silica tubes and heated at various temperatures within
300580 °C for 3—7 days for selecting the optimal temperature range for the topotactic reduction. The
resulted pellets were washed with methanol solution of NH4CI (0.1 M) to remove the calcium-
containing phases from ceramic surface (e.g., CaO and CaH:) and dried under vacuum at room

temperature. The high densities were retained for the reduced ceramic pellets, which were polished



to ensure further removal of surface impurities, and finally were used in the characterizations

including the AC impedance spectroscopy measurements

Characterization. The phase formation in the samples was investigated by X-ray powder
diffraction (XRD), which was performed on a Panalytical X’Pert Pro diffractometer (Cu Ka radiation)
equipped with an Anton Paar oven chamber (HTK1600N). High-quality XRD data suitable for
Rietveld refinement was collected over the 26 range of 10-120° at room temperature. Variable
temperature X-ray powder diffraction (VT-XRD) data were collected under air at room temperature
and different temperatures with a 50 °C temperature step from 50 °C up to 1000 °C over the 26 range
from 10° to 80°. Neutron powder diffraction (NPD) data with a constant wavelength (A = 1.225 A)
were collected at room temperature on the 3T2 powder diffractometer at the Laboratoire Léon Brilloin
(Saclay, France) over a 20 range of 5—120°. Rietveld refinements were performed on both XRD and
NPD data using Topas Academic 6.0 2° with the modified Thompson-Cox-Hastings pseudo-Voigt

function for the profile refinement.?! 22

'H solid-state nuclear magnetic resonance (NMR) experiments were performed on a Bruker Neo
spectrometer operating at a magnetic field of 20.0 T corresponding to a 'H Lamor frequency of 850
MHz. 'H quantitative magic angle spinning (MAS) spectra were recorded at a spinning frequency of
30 kHz using a Hahn echo sequence. The echo delay was set to one rotor period (33.33 ps) and 32
transients were collected using a recycle delay of 3 s. The '"H NMR spectra of the materials were
obtained after subtracting the proton signal of an empty rotor recorded under the same experimental

conditions.

The oxidation thermogravimetric analysis (TGA) was performed under atmosphere of Oz at a

flowing rate of 20 ml/min using a STA8000 thermal analyzer from 30 °C to 1000 °C to determine the



oxygen content in the topotactic reduced samples. Magnetization measurements were performed on
a Quantum Design MPMS magnetometer under a 1000 Oe field while the samples were warmed from
2 K to 300 K, following zero—field cooling (ZFC) and field cooling (FC). AC Impedance spectroscopy
(IS) measurements were carried out with a Solartron 1260A frequency response analyzer over the 10
1-10° Hz frequency range on the pellet samples placed between two silver electrodes on heating from
25 °C to 400 °C in a 5% H2-95% N2 atmosphere. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on an ESCALAB 250Xi spectrometer using Al Ka X-ray as the

excitation source.

The optical diffuse reflectance data were collected in the 200-800 nm range using a Shimadzu
(Kyoto, Japan) UV-3600 spectrometer equipped with an integrating sphere. Water reduction activity
was examined under ultraviolet-visible (UV-Vis) light irradiation with a Xe lamp (350 W) or under
dark in closed Pyrex cells. Typically, 0.5 g sample and 100 mL of the formic acid (0.1 M) containing
chloroplatinic acid (2 wt% Pt) were added into the cell. Before irradiation, the mixture was treated
with ultrasound for 10 min, and then aerated with N2 bubbling for 25 min. The amount product H2

was determined on a GC 1690-type gas chromatograph using N2 gas as carrier for Hz detection.

DFT calculations. The formation energies and electronic structures of interstitial-containing
Lai.sSrosGasz07.25, as well as the reduced compositions Lai.sSro.sGazO7 and Lai.sSro.sGaz07.125 were
investigated by density functional theory using Vienna Ab Initio Simulation Package (VASP, version
5.4.1).2 Generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof functional
(PBE)** and projector augmented wave (PAW) method were adopted for all the simulations. The
plane-wave cutoff energy was set to 500 eV and a I'-point of 4x4x3 was used for geometry
optimization and 6x6x5 for electronic structure analysis to sample the first Brillouin zone. Geometry

optimizations without structural constraints were carried out with convergence criterions for energy



and force at 1.0 x 10 eV/atom and 0.02 eV/A, respectively. A 1x1x2 supercell (see models in Figure
2,a=8.05A, c=10.66 A) with 49 atoms for LasSr2Ga12029 with interstitial oxide defects or 48
atoms for LasSr2Gai2028 without interstitial oxide defects and a 2x1x2 supercell was created by
doubling the unit cell along the a-axis direction to realize the partial removal of interstitial oxide in
composition Lai2SraGaz40s7 (LaisSro.sGa307.125). The valence states of the structures include
5525p®5d'6s? for La atoms, 4s°4p®5s? for Sr atoms, 3d'%4s?4p! for Ga atoms and 2s?2p* for O atoms.

The interstitial oxide ion defect formation energies can be defined according to equation (1) and (2):%°

LasSraGai202s(s) + Lax03(s) — LasSr2Gai2029(s) + 2SrO(s) (1)

AHy= [E(LasSr2Ga12029(s) + 2E(SrO(s))] —[E(La4SrsGa1202s(s)) + E(La203(s))] (2)

Where E(X) is the total energy of the corresponding species.

The typically theoretical analyses for electrides including the density of states, band structures, 3D
charge distribution and 2D electron localization function were performed with DFT calculations for
the melilite compositions.?$-*° More details on the DFT calculations are provided in the supporting

information.

Results and discussion

First, DFT calculations were performed on the Lai sSrosGa3O7 composition (here the interstitial
oxide ions are completely removed) with Lai.sSro.5Ga3O7.25 for comparison. Initially, the favorable
structures for DFT calculations were searched based on the interstitials-containing Lai.sSro.5Gaz07.25
composition, and transferred to the reduced compositions. When La atoms replace Sr atoms to
generate interstitial oxide ions for neutralization, the interstitial oxide ions may appear in the
pentagonal ring between two La, two Sr or one La and one Sr. Based on these considerations, we

constructed 6 possibly representative configurations in 1 x 1 x 2 supercells which contain one



interstitial oxygen for each supercell, as shown in Figure 2, and calculated their formation energies
(4Hy according to Eq. (2) through the geometry optimization. The calculations indicate that
configurations 1 and 5 hold smaller formation energies compared with the other 4 configurations and
configuration 5 has the lowest formation energy (Figure 2). Both configurations 1 and 5 were
simulated in this study. However we present the results for configuration 1 in the main text taking the
following three aspects into consideration: (i) La®>" shows higher positive charge than that of Sr**,
which results in stronger electrostatic interactions with interstitial oxide ; (ii) besides, La** (r = 1.16
A) holds smaller ionic radius compared with Sr>* (»=1.26 A), indicating the smaller steric hindrance
for the incorporation of interstitial oxide ions®! (iii) there are more La-Oi-La configurations than La-
Oi-Sr or Sr-Oi-Sr configurations in Lai5Sr0.5Ga307.25 from a statistical point of view. The theoretical

simulation results of configurations 5 are provided in the supporting information (Figure S1 and S2).
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Figure 2. The 6 configurations in 1 x 1 x 2 supercells illustrating different distributions of La, Sr and
interstitial oxide ion (Oi) in Lai.sSrosGazO725 composition and their corresponding formation

energies AHy calculated according to equations (1) and (2). O and Ga atoms are not displayed for



clarity.

Figure 3 shows the band structures, total density of states (TDOS) and partial/projected density of
states (PDOS) of LaisSrosGa3O72s and LaisSrosGasO7. In LaisSrosGazO7.2s, the valance band
maximum (VBM) is mainly composed of O/Oi 2p orbitals and 4s/p/d orbitals of Ga atoms in the
surrounding pentagonal rings, while the conduction band minimum (CBM) mainly consists of La 4/
orbitals, as shown in Figure 3b. The overlaps between Ga 34 and O 2p orbitals indicate the covalent
Ga-O bonds in polyhedral network. After the removal of Oi atoms, a new occupied band emerges in
the forbidden band of Lai.5Sr0.5Ga307.25, presumably associated with the anionic electrons. In order
to visualize the contribution of anionic electrons, we placed a pseudoatom with a Wigner-Seitz radius
of 1.509 A (labeled as X) in Lai.sSro.sGa3O7 at the sites previously occupied by the interstitial oxide
ion defects. This strategy is typical one employed for the theoretical investigation of elecrides.?” 2%
30.32 The contribution of interstitial oxide ion Oi in Lai5Sr05Ga307.25 and anionic electron X in
Lai.5Sro.sGaszO7 are highlighted in pink in Figure 3 a, ¢ and the first two panels of Figure 3 b, d. From
Figure 3a we can see that the interstitial oxide ion Oi in Lai.5Sr0.5Ga307.25 occupies two channel bands
just below the Fermi level and the band gap is 2.87 eV, while a new channel band emerges in the
forbidden band associating with anionic electron X in Lai.sSro5GasO7 (Figure 3¢) and thus the
bandgap is narrowed to 0.63 eV. In Figure 3d one can clearly see that an interstitial band fluctuating
1 eV below the Fermi level appears and associates with interstitial electron X after the removal of Oi
atoms, which confirms the presence of anionic electron in Lai.sSro.5Ga307.25. Accordingly, the Fermi
energy level shifts from 3.84 eV in Lai.5Sr0.5Ga307.25to 6.46 eV in Lai.sSr0.5GazO7 as a result of the
emerging bands associated with anionic electrons. The location of extra electrons was analyzed by

the electron localization function calculation below. More TDOS comparison between

Lai.5Sro5Gasz07.25 and Lai.5Sr0.5Ga3O7 are provided in Figure S3.
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Figure 3. (a, ¢) Band structures and (b, d) total density of states (TDOS) and partial/projected density
of states (PDOS) of (a, b) Lai.5Sro5GasO7.25 and (¢, d) LaisSro.sGazO7 with the contribution of
interstitial oxide ion Oiand anionic electron X highlighted in pink. The TDOS/PDOS below 1 eV of
the fermi level are enlarged in the first two panels of (b) and (d), highlighting the contribution of

interstitial oxide ion Oiand anionic electrons X. The structures are based on configuration 1 in with

a 1x1x2 supercell in Figure 2.

Electron localization function (ELF) calculated with DFT method can be a reliable theoretical
descriptor for us to evaluate whether the electrons left by the escaped interstitial oxide ions are caged
as anions in the reduced LaisSr0sGa3Oy, i.e. LaisSr05sGazO7 forms as electride.?” ** The values of
ELF are at the range of 0 ~ 1: 0 indicates that the electrons are highly delocalized or there is no
electron, while 1 indicates totally localized electrons. Figure 4 a and e show the optimized structures
of LaisSro5Gas0725 and LaisSro.sGasO7, respectively. The three-dimensional (3D) plot of ELF

distribution results reveals that in Lai.5Sro.sGa3O7 the electrons are highly localized at the position of



interstitial oxygen after its removal (Figure 4 b, f), i.e., the electrons left by the escaped interstitial
oxygen atoms are indeed caged, the integrated extra caged electron is about 0.88 e". In order to observe
the caged electrons more easily, we plot two-dimensional (2D) maps of ELF distribution along (001)
plane and the corresponding max ELF value is about 0.74, which shows that the interstitial electrons
are located at the center of the pentagonal ring. Thus, the reduced Lai.5Sr0.5GazO7 can be described

as an electride and formulated as 4(Lai.5Sro.5Gas07):2¢".
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Figure 4. Optimized structures and computed ELF distributions of (a-d) Lai.sSro.sGazO7.25 and (e-h)
Lai.5Sro5GaszO7 based on configuration 1: (a, e) the optimized 1x1x2 supercell; (b, f) the 3D plot of
ELF distribution, showing a 0.3 au isosurface; (c, g) unit-cell geometry at (001) plane; (d, h) the 2D

plots map of ELF distribution along (001) plane.

In order to produce an electride material from LaisSrosGasOz7.2s, topotactic reduction was
performed on Lai15Sro5GasO7.25 containing interstitial oxygen at various temperatures ranging from

300 °C to 580 °C using CaH: as reducing agent. The samples reduced at various temperatures display



similar XRD patterns with that for the as-made one (Figure 5a), except for partial decomposition due
to over-reduction at 580 °C, which resulted in a small amount of La20s and LaSrGaO4 phases (Figure
5a and S4a). With the increase of the reduction temperature, the color of LaisSrosGasOr.25 sample
gradually changed from white to black, as show Figure 5b. In contrast with the interstitials-containing
composition, the reduction of the parent LaSrGaszO7 without interstitial oxygen at 580 °C, did not
much change the color (Figure 5c) and phase (Figure S5) of the sample. The ease to reduce the
interstitials-containing nonstoichiometric composition compared with the stoichiometric composition
may therefore be ascribed to the existence of interstitial oxide ions. In other words, the interstitials
oxide ions are more active than the framework oxide ions in the melilite structure. The refined cell
parameters of the samples before and after reduction are almost identical except for the slightly
smaller cell volume for the LaisSrosGasO7.25-5 sample reduced at 580 °C (Figure S6), on which the

following characterizations were performed if not specified.
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Figure 5. (a) XRD patterns and (b) color evolution of the Lai.5Sr0.5Ga307.25.5 samples reduced at
different temperatures in comparison with the as-made one. (c) Photographs of LaSrGa3O7 samples

before and after reduction at 580 °C.



In order to examine whether the H™ hydride anion was incorporated into the melilite structure
and the Ga valence change in La1.5Sro.sGa307.2s during the CaHz reduction, *H MAS NMR and XPS
measurements were carried out. As shown in Figure S7, *H MAS NMR measurements excluded the
possibility of H™ hydride anion in the melilite structure.>* The XPS data show apparent existence of
metal Ga signal in the reduced Lai.5Sr0.5Ga307.25-5 Samples (Figure S8). The EDS element mapping
for the reduced samples (Figure S9) show that there is aggregation of Ga at the surface of the ceramic
sheet, confirming that the topotactic reduction partially reduces the melilite materials to produce
metal Ga. It should be noted here that the high Ga metal content from the XPS data does not means
that most of Ga®" in the samples was reduced to Ga metal as the XPS only probes the sample surface
(only a thickness of a few nanometers). Moreover Ga metal is liquid at room temperature, therefore
easily immersing the grains along the surface. The total Ga content in the reduced samples is rather

limited as indicated by the TGA data and water reduction characterization described below.

The existence of Ga metal in the reduced Lai.5Sr0.5Ga307.25-5 samples was also confirmed by the
magnetism measurement, which show normal diamagnetic behavior above 10 K but significantly
enhanced diamagnetic susceptibilities below 7.22 K (Figure 6 a-b). This behavior could be ascribed
to the superconductivity of metal Ga in the reduced samples. However, the reduced samples were
found to be highly resistive all through the low temperature region below room temperature, which
confirms that the reduced samples had very low contents of Ga metal, which did not connect with
each other in the reduced samples to produce the short circuit effect. On the other hand, the as-made
sample displayed single 2p32 and 2pi2 XPS peaks for Ga 2p orbits (Figure S8b) and diamagnetic
behavior as normal, followed by a transition to paramagnetic substance below 7.22 K (Figure 6¢).

Such magnetic behavior suggests absence of Ga metal in the as-made sample. Therefore, the XPS



peaks for Ga 2p orbits all come from Ga*" instead of the mixed Ga and Ga** found in the reduced

samples.

a
(@ E—
0+ —ZFC
°© \
g -1 0 6
(@) > | : >
<*.= ?_1 ®) 722 2,5 ©
S £ £
= g2 reduce S3 as-made
21 = =
3 -6
0 4 8 12 0 100 200 300
Temperature (K) Temperature (K)
-3 T T T T
0 100 200 300

Temperature (K)

Figure 6. (a) x vs temperature plot for the reduced Lai.5Sr0.5Ga307.255 recorded in the ZFC and FC
modes. The insets from left to right show an enlarged view of (b) the diamagnetic enhancement of
the reduced LaisSrosGa307.25-5 at 7.22 K and (c) y~ T plot of the as-made Lai.5Sro.5GazO7.25,

respectively.

Thermal gravimetric analysis (TGA) was performed on the reduced La1.5Sr0.5Ga3O7.25.5 Samples
in O2, which showed a change in color from black to white and an associated weight increase ~ 0.51
wt% (Figure S10). This mass gain started from about 400 °C, is ascribed to reoxidation of the reduced
Lai1.5Sr0.5Gaz07.25-5 Sample, from which the removed oxygen content 6 per formula can be calculated
as 0.18, assuming that the mass gain was completely from the reoxidation of reduced melilite phase.
The reoxidation of the sample was also confirmed by the VI-XRD experiment in air (Figure S11),
showing that the sample retained the tetragonal melilite structure after oxidation, except for the
formation of LaGaOs, probably due to the volatilization of Ga20s at high temperatures. Although

there was no apparent Ga203 phase observed in the VT-XRD data during the oxidation procedure,



the oxidation of Ga metal to Ga203 can take place from ~ 400 °C and the Ga20s could appear as
amorphous. Apart from this, there could be still oxygen uptake for the melilite phase, i.e., the oxygen
atoms in the melilite phase could be removed partially during the topotactic reduction and the
reoxidation occurred for the melilite phase as well. Considering that the stoichiometric LaSrGasOv is
hard to be reduced, the interstitial oxide ions are suspected to be removed during the topotactic
reduction of in Lai5Sro.sGa3O7.2s. Although the Ga metal content and the removed oxygen content in
the melilite phase (which is lower than the determined & value per formula above) are not able to be
discerned from the oxygen-oxidation TGA data, the electrons associated with the oxidation can be

determined as 6.25 x 10 electrons per 1g reduced sample.

The reduced LaisSrosGazO72ss samples were found to react with water under dark
environments, producing hydrogen gas (Figure 7). The hydrogen evolution can be enhanced by both
visible and UV light radiation. However no apparent hydrogen evolution was observed at the visible
and UV light radiation time exceeding 8 hours. This result indicates that the reduced samples do not
have real photocatalytic activity and the hydrogen evolution could be mainly arising from the
reactivity of metallic gallium with the water. The enhanced hydrogen evolution under light irradiation
may be ascribed to the light absorbance of the sample accelerating the electron releasing from the
metallic Ga and therefore the reduction reaction. The electrons associated with the saturated hydrogen
evolution under light radiation (Figure 7) was estimated as 3.67 x 10 electrons per 1g reduced
sample. This value is smaller than that (6.25 x 10" electrons per 1g reduced sample) associated with
the oxidation determined from the TGA data above. The discrepancy between the electron numbers
from different experiments could not be unmeaningful and the possibility that some electrons in the
reduced sample did not participate the hydrogen evolution can not be excluded completely, which

could be in the melilite phase.
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Figure 7. Hydrogen evolution over the reduced Lai.5Sro.sGa307.25-s sample in the formic acid solution

under irradiation of UV and visible lights in comparison with the dark environment.

NPD data were collected on 69 reduced Lai.sSr0.5Ga30O7.25-5s sample, which was obtained through
gathering the products from different reduction batches. Rietveld refinement of NPD data (Figure
S12) was performed based on the average structural model of La1.54Sr0.46Ga307.27,'® to analyze the
oxygen content in the reduced product, which converged to Rwp = 4.29% and Ry ~ 3.36%. The
occupancies for the oxygen sites were freely refined, which showed that the framework oxygen sites
are essentially fully occupied (The refined occupancies were 0.98(1), 1.00(8) and 0.996(8) for O1,
02 and O3, respectively and fixed as units) and the interstitial O4 site has an occupancy of 9.4(4)%
(its refined atomic displacement factor Biso is 0.5(3) A2, Table S1), apparently lower than that (12.5%)
corresponding to the pristine La1.sSrosGasO7.2s composition.!® When the occupancy of 04 was fixed
at 12.5% (corresponding to the full interstitial oxide ion content without reduction), its refined Biso
increased to 1.45 A? with the reliability factors slightly increased to Rwp = 4.36% and Rp ~ 3.42%.
Considering that the occupancy is highly correlated with the atomic displacement factor, we cannot

determine precisely the interstitial oxygen loss based on the structural analysis on NPD data. It should



be noted here that there are still some misfits in the NPD data fitting (Figure S12). Such misfit could
be ascribed to the positional disorder of framework atoms arising from the incorporation of interstitial

oxide ion, which is beyond description of the average structure model employed here. '8

In order to examine how the reduction affects the electrical conductivities of Lai.5Sr0.5Ga3z07.25, AC
impedance data of the reduced LaisSrosGasO72s5 pellet were collected on the as-made
Lai.5Sr0.5Gaz07.25 pellet for comparison. Figure 8a shows the typical complex impedance plot of the
as-made Lais5Sro5Gaz07.25 at 150 °C, which consists of a semicircular arc from bulk response with
capacitances ~ 10712-10"!! F/cm and a Warburg-type electrode response with large capacitances ~ 10-
8-107 F/cm in the low frequency range, consistent with the oxide ion conduction.*® There is
intermediate arc between the bulk and electrode response arcs, showing ~ 107'° F/cm capacitances,
indicative of grain boundary response. The bulk response arcs can be modeled with an equivalent
circuit consisting of three parallel Ry, Cb, and (CPE)b elements (b is for bulk, and CPE is a constant
phase element).>® The fitted Cy is ~ 7 pF/cm , consistent with the bulk response. While for the reduced
Lai.5Sr0.sGa307.2s-s sample, the high-frequency arc showed capacitances covering from 102 F/cm to
1071° F/ecm at 150 °C indicating overlapped bulk and grain boundary response arcs, which cannot be
accurately distinguished even by equivalent circuit modeling, and a bended Warburg-type electrode

response arc (Figure 8b), indicative of mixed electronic and ionic conduction.
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Figure 8. (a, b) The typical complex impedance plots at 150°C and (c) bulk conductivities of (a) the
as-made and (b) reduced Lai.5Sr0.5Ga307.25.5 samples. The solid lines in red and blue in (a) and (b)
are respectively fitted and simulated (for bulk response only in (a) and for mixed bulk and grain
boundary responses in (b)) lines. The inset in (b) enlarges the high-frequency arc. Ry and Rgb denote
the bulk and grain boundary resistivities, respectively. The numbers denote logarithms of the selected

frequencies.

Figure 8c shows the total conductivities of the reduced Lai.5Sro.5Gasz07.25-5 sample, varying within
107-10 S/cm from 100 °C to 400 °C, which is ~ 1 order of magnitude higher than the bulk
conductivities for the as-made Lai.5Sro.5Ga3O7.25. This result reveals that the bulk conductivities of
reduced sample are higher than that for the as-made sample. Accordingly, the reduced sample
displayed lower activation energy (Ea) ~ 0.74 eV than that (~ 0.82 eV) for the as-made materials.
Here the influence of phase decomposition on the electrical conduction behavior upon the reduction
is considered to be limited based on the following three aspects. (i) The electrically insulating nature
of the reduced samples above room temperature confirms the low content of Ga metal and the Ga
metal liquid appeared isolated. Therefore, the metallic gallium certainly is not the case causing the
enhanced bulk conductivity. (ii) Given the low contents (covering from ~ 0.7% to ~ 4% from NPD
and XRD data) for LaSrGaO4 and Lax0s phases in the reduced samples and their much lower
conductivity than the melilite oxide ion conductors, it is unlikely that the enhanced conductivity arose

from these two phases.?”>3®_ENREF 38 ENREF 38 ENREF 38 (iii) The existence of lanthanum hydroxide

was considered here as this phase was observed in the powder sample for the NPD experiment.
However, the pellets for the impedance measurement of the reduced sample were obtained through
burying the as-made dense pellets in CaH2 powder. The dense nature of the pellets was retained after

the reduction. The moisture in air is hardly to go through such dense pellets during the impedance



measurement at high temperature. No apparent lanthanum hydroxide phase was observed in the XRD
data of the pellet collected before and after the impedance measurement. Thus, neither the lanthanum
hydroxide phase contributed to the enhanced conductivity. In short words, it is highly likely that the
enhanced bulk conductivity upon reduction is due to the topotactic reduction of the melilite phase,
rather than the decomposition. In other words, the oxygen loss in the melilite phase could indeed took
place topotactically in the reduction of LaisSrosGa3O7.2s although it is mild. Taking the mixed
conduction observed from the impedance data into consideration, the enhanced bulk conductivity for
the reduced sample comes from the contribution of electronic conductivity, which could arise from
the electrons left by the escaped oxide ions in the melilite phase upon reduction. As indicated by the
hardly reducible nature for the parent LaSrGaszO7 and the structural analysis on the NPD data
described above, oxygen loss is highly likely on the active interstitial oxide ions rather than the
framework oxide ions, given that the loss of framework oxide ions will break the corner-sharing
connectivity for the tetrahedral layer, and the removing of interstitial oxygen atoms in

Lai.5Sr0.5Gaz07.25 does not change the framework at all.

ENREF 33 Considering that the interstitial oxides were not completely reduced during topotactic
reduction, we have also constructed a 2x1x2 supercells to simulate LaisSro.sGazO7.125 using
configuration 1 to probe the electronic structure in the partially reduced melilite. This composition
shared similar results on the electronic structure (Figure S13) and ELF value (Figure S14) with those
of 1x1x2 supercell for LaisSro5GazO7. This means that when the individual interstitial oxide ion is
removed, the electrons left by the escaped oxygen still act as anionic electrons, leading to

nonstoichiometric electride.



Conclusion

DFT ELF calculations indicated that the interstitial oxide ions in the pentagonal rings of the
gallate melilites may be removed and replaced by electron anions, which are confined within the
pentagonal rings and convert the melilite interstitial oxide ion conductor into 0D electrides. In
contrast with the hardly reducible nature for the parent LaSrGaszO7, the topotactic reduction of
Lai5Sr0.5Ga307.25 by CaHa resulted in black product with small amount of Ga** reduced to Ga metal.
This reveals that interstitials oxide ions are more active than the framework oxide ions, making the
melilite structure more reducible. The enhanced bulk electronic conduction by ~ one order of
magnitude in the reduced samples verified the oxygen loss in the melilite structure during the
topotactic reduction, which was highly likely on the active interstitial oxide ions. The new
confinement space for electronic anions identified from the melilite interstitial oxide ion conductors
in this work suggests that more interstitial oxide ion conductor electrolytes can be candidate hosts

for preparation of new inorganic electrides.
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The interstitial oxide ions located in the pentagonal rings of the non-stoichiometric Lai.5Sro.sGaz07.25
melilite oxide ion conductor may be removed and replaced by electron anions, which are confined
within the pentagonal rings, and therefore convert the melilite interstitial oxide ion conductor into a

zero-dimensional (0D) electride.
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