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ABSTRACT: Realizating of a low work function (WF) and room-temperature stability in =

electrides is highly desired for various applications, such as electron emitters, catalysts, and
ion batteries. Herein, a criterion based on the electron localization function (ELF) and — ot B €2
projected density of states (PDOS) in the vacancy of the oxide electride .
[CayAlLOg,]*(4e7) (C12A7) was adopted to screen out 13 electrides in single-metal
oxides. By creating oxygen vacancies in nonelectride oxides, we find out 9 of them showed existing
vacancy-induced anionic electrons. Considering the thermodynamic stability, two electrides
with ordered vacancies, Nb;O; and Ce,O;, stand out and show vacancy-induced zero- °
dimensional anionic electrons. Both exhibit low WFs, namely 3.1 and 2.3 eV for Nb;O; and . 5
Ce,O;, respectively. In the case of Nb;O;, the ELF at oxygen vacancies decreases first and

//éﬁgje;metal ﬁé\;\\

SL o
N

7

Search Creation of

~7)
S /Z/ O vacancy

materials
ELF > 0.4, PDOS > 0.01 eV~
*.0° 41 0" .0 e

Vacancy—iﬁdu.ced 0D electrides

then increases during the decrease in the total number of electrons in self-consistent

calculations due to Nb’s multivalent state. Meanwhile, Ce,O; displays promise for ammonia synthesis due to its low hydrogen
diftusion barrier and low activation energy. Further calculations revealed that CeO with disordered vacancies at low concentrations
also exhibits electride-like properties, suggesting its potential as a substitute for Ce,Oj;.

1. INTRODUCTION

Anionic electrons, as excess electrons serving as anions," hold
the possibility of low work function (WF) due to their loosely
bound nature. Electrides, as a unique category of crystals with
anionic electrons,” have great potential as electron providers in
scientific and industrial applications, such as electron emitters,
catalysts, and ion batteries.’” The first crystalline organic
electride was synthesized by Dye and coworkers in 1982."
Subsequently, numerous other instances of organic electrides
were reported.””’ However, the majority of these examples
suffer from poor thermal stability. The emergence of the first
inorganic oxide electride, [CayAlO4,]* (4e7) (C12A7),°
altered the landscape due to its combined characteristics of
room temperature stability and low WE,” thus leading to
substantial interest and widespread applications, particularly in
ammonia catalysis."’"'> After that, various other inorganic
electrides were predicted'*™'® and synthesized.'*™"*

While numerous high-throughput screenings have yielded a
wealth of electrides,"”™** the high-performance electrides, like
C12A7, possessing both an exceptionally low WF (about 2.4
eV) comparable to alkali metals™® and high stability, are still
rare. C12A7, as an oxide electride formed through the
introduction of vacancies, offers a viable avenue for electride
creation by the generation of oxygen vacancies. The creation of
oxygen vacancies is not only straightforward but also ensures
commendable stability.”*** Introducing vacancies in such
oxides holds the promise of discovering novel electrides
characterized by both low WF and high stability.
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Given that electrons are not precisely located in a certain
position but instead exhibit a probability distribution, the
assessment of anionic electrons relies on the electronic
probability distribution.”® In the earlier stage, the electrides
were defined to possess a large electron localization function
(ELF), e.g,, >0.75,”" "> and major contribution from anionic
electron states to the electronic states around the Fermi
energy”””"*>*! within the vacancy. However, not all reported
electrides met these criteria. For example, C12A7, a well-
known electride, exhibits small ELF maxima (0.45) within its
oxygen vacancies.”"

In this work, we adopted a criterion based on the ELF and
projected density of states (PDOS) in the vacancies of C12A7
to look for electrides from 84 single-metal oxides in the
Material Project database.”” Despite screening existing oxides,
we also created oxygen vacancies in those nonelectride oxides
to discover vacancy-induced anionic electrons, which could
potentially offer enhanced performance. Thirteen oxide
electrides in the Materials Project and 9 oxides with vacancy-
induced anionic electrons were screened out. Half of the oxide
electrides described here were previously unreported. Among
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Figure 1. Screening process of vacancy-induced anionic electrons and electrides. (a) Workflow for screening vacancy-induced electrons in single-
metal oxides. We chose 38 nonmagnetic materials with less than 50 atoms in a cell from 84 stable single-metal oxides in the Material Project. By
considering the ELF, total valence electrons, and PDOS, 13 electrides are screened out (left). For those nonelectrides (right), we created oxygen
vacancies and obtained 9 oxides with vacancy-induced anionic electrons. After considering the dynamic stability and Ej,;, Ce,Oj is screened out as
a stable electride. Ej is the energy above the hull, and N,,,, is the number of atoms in a unit cell. (b) Vacancy-induced 0 D electrides Nb;Os. (c)
Vacancy-induced 0 D electrides Ce,O5. Vacancies are created in conventional cubic cells and marked with red (O) and green (Nb) dashed circles.
Anionic electrons induced by vacancies are marked in black dashed circles with isosurface = 0.4.

them, two vacancy-induced zero-dimensional (0 D) electrides,
Nb;O; and Ce,O;, exhibit high stability and low WFs of 3.1
and 2.3 eV, respectively. Besides, Nb;O;’s electride properties
change while replacing the anionic electrons with a uniform
negative background charge. Its ELF in the vacancy initially
weakens and then strengthens due to its multivalent state. The
vacancy electrons near the Fermi energy constantly change
during the decrease of anionic electrons. Then, the application
potential of low-WF electride Ce,O; in ammonia synthesis was
evaluated. The Ce,O;-supported Ru layers showed a lower N,
dissociation barrier compared with that on pure Ru and a
lower hydrogen diffusion barrier in Ce,O; compared with that
in C12A7. The abundant anionic vacancies and low hydrogen
diftusion barrier in Ce,O; indicate its high hydrogen storage
capacity, which prevents excess hydrogen atoms on the Ru
surface, thus, guarantees N, activation. Moreover, we found
that CeO still exhibits anionic electron character at lower

concentration of vacancies and disordered vacancies. Our
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research provides a new approach to the discovery of other
vacancy-induced oxide electrides.

2. RESULTS AND DISCUSSION

2.1. High-Throughput Screening of Vacancy-Induced
Anionic Electrons and Electrides. The high-throughput
screening process is outlined in Figure la. Initially, we selected
84 single-metal oxides from the Material Project database.’
These materials possess metallic properties and superior
thermodynamic stability, characterized by energy above hull
Epui < 10 meV per atom. All of them were synthesized in the
experiment and were free of radioactive elements. Among
them, 38 single-metal oxides were nonmagnetic and contained
less than 50 atoms (N, < S0) in a unit cell. The choice of
these initial screening criteria was based on consideration of
computational complexity and the potential of experimental
realizations and applications.

In the following screening process, the total valence, ELF
value, and average electron density around the Fermi energy
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Figure 2. Properties of Nb;O; during decreasing of excess electrons. The DFT+U method with U = 4 eV is used. The excess electrons are
annihilated by replacing the total number of electrons in the self-consistent calculation with a negative homogeneous charge to investigate the WF
and electride properties. (a) Crystal structure of Nb;O5. The location of vacancy-induced anionic electrons is marked with a yellow dashed circle.
(b) The decline of the Fermi energy is calibrated by the states at —20.5 eV in DOS (DOS peaks, see in Section 9, Supporting Information). (c)
Variation of the WF with increasing electron loss. (d) ELF of a cubic cell during electron loss for (a) Nb;O5:9¢™ (left), Nb;O5:6e™ (middle), and
Nb;0;:3¢” (right). The isosurface is 0.46. The black dashed lines highlight the anionic electrons. (e) ELF cross-section of the (101) surface
marked in Figure 2d for Nb;O5:9e” (left), Nb;O5:6e™ (middle), and Nb;O5:3e” (right). The anionic electrons are marked with black dashed lines.
(f) DOS projected on the vacancy area for Nb;O5:9¢™ (left), Nb;O;:6e” (middle), and Nb;O5:3e™ (right). The black dashed lines represent the
energies of —0.5 and 0 eV, while the red horizontal lines indicate the average projected density of states (PDOS) between —0.5 and 0 eV.

are considered. The DFT+U method was applied to describe
oxides containing Ti, Ce, and Nb (see in Method, Section 1).
First, the total valence of the compound should be positive,
which means that the compound has excess electrons. All
valence states are considered for elements showing multiple
valence states. Second, the maximum ELF value at the vacancy
site should be larger than 0.4, indicating the localized electrons
within the vacancy site. Third, in the energy range of —0.5 <
E—E;< 0 eV, the average PDOS at the vacancy site should be
larger than 0.01 eV™'. The second and third criteria were
established based on the properties of C12A7*' (see the
corresponding values in Figure S1). Based on the three criteria,
13 electrides were found among 38 candidates in this process
(Table S1). Notably, among these 13 electrides, Nb;O; (Pm3
m) can be regarded as Nb,O, (Fm3m) with ordered Nb and O
vacancies.” ™’ Compared with the rock-salt phase (Nb,0,),
the anionic electrons of Nb;O; appear at the locations of its
missing oxygen atoms, which confirms that the chemical
environment of oxygen vacancies is prone to producing anionic
electrons.

Inspired by the excellent properties of vacancy-induced
electride, we introduce oxygen vacancies into the remaining 25
nonelectrides to look for stable vacancy-induced electrides with
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anionic electrons. Considering the vacancy concentration of
Nb;03, 25% or fewer oxygen vacancies were created for the 25
nonelectrides. If the number of oxygen atoms in a unit cell is
less than four, a supercell is used to achieve the <25% oxygen
vacancy concentration. Then, the calculated ELF and PDOS
within their oxygen vacancies reveal that 9 of nonelectride
oxides became electrides after introducing oxygen vacancies.
Three of the 9 electrides with oxygen vacancies were
dynamically stable, including Ce,O;, Ti};,O,7, and Ir,O;. The
energy above the hull (E,;) of Ce,O5 is lower than those of
Ti;,0}7 and Ir,0;, indicating its high thermodynamic stability.
E,up ELF, and phonon spectra of the three dynamically stable
electrides are provided in Figures S4—S6.

Therefore, we finally obtained 14 electrides with high
stability. The detail information including WF of the (001)
surface and the E,, values are summarized in Table SI.
Among them, NbyO; (Pm3m), TiO (P62m), Ti;O (P312),
three phases of Zr;O (R32, R3¢, P6_322), and Ce,O; (Pm3m)
have previously been unreported as electrides. Among these
metal-oxide electrides, 13 have been experimentally synthe-
sized (Section 10 of Supporting Information), except Ce,O;.
Since cerium oxides with different stoichiometries have been
observed in experiments (Section 10 of Supporting Informa-
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Figure 3. Stability and electronic properties of vacancy-induced electride Ce,O;. (a) Crystal structure of Ce,O5. Oxygen vacancies are marked in
dashed circles. (b) Binary phase diagram of Ce and O. (c) ELF diagram, with isosurface = 0.4. (d) Phonon spectrum and phonon DOS. (e) The
electronic band and projected DOS. (f) The PED of —0.5 eV < E—E; < 0 €V, the isosurface value is set to be 0.02 e bohr™>. (g) Total DOS and
DOS projected on oxygen vacancy. E; is the Fermi energy. E.,. is the vacuum level. (h) The band structure projected on the oxygen vacancies with
a fat-band character near the Fermi energy. The Fermi energy is marked in blue dashed line.

tion), we believe that Ce,O; can be synthesized in the future.
The two vacancy-induced electrides, Nb;O; and Ce,O;, have
anionic electrons at the position of oxygen vacancies (see in
Figure 1b, c) and exhibit low WF values of 3.1 and 2.3 €V,
respectively. ELF, electronic energy bands, electrostatic
potentials, and partial electron density (PED) near the Fermi
energies of Nb;O; and Ce,O; are shown in Figures S2,3.
2.2, Electron-Loss Behavior of the Transition Metal
Electride Nb3Os. The crystal structure of Nb;O; is shown in
Figure 2a. As a low-WF electride, Nb;Oj; is a transition-metal
oxide with excess anionic electrons localized within oxygen
vacancies. To reveal the impact of anionic electrons in Nb;Os,
we gradually replaced them with a negative homogeneous
charge to keep the system neutral (see in Section 2, Methods)
and investigated their impacts on the Fermi energy, WF, and
ELF. A cubic cell composed of three Nb atoms and three O
atoms was used in the calculation. The decrease of Fermi
energy is calibrated by the position of the states at —20.5 eV of
the density of states (DOS) (Section 2, Method). The Fermi
energy declines as the number of electrons in the Nb;O,
crystal gradually decreases in the self-consistent calculation
(Figure 2b). From Figure 2c, we find that the WF experiences
a rapid increase at the beginning of electron loss. Once the
system loses 9 electrons, the nine excess electrons of
[Nb°*;0*7,]°*(9¢”) are exhausted, and the change of WF
tends to flatten out. This observation indicates that the WF of
the electride Nb;O; is closely related to its excess electrons.
The ELF of Nb;0O; as a function of electron loss (Figure 2d,e)
shows that a substantial reduction of ELF at vacancy occurs
upon losing three electrons because Nb*" in [Nb;0;]*" is also
a common valence state of Nb. Therefore, Nb;O; manifests
the nonelectride characteristics of [Nb**;0*7,]** upon losing
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three electrons. Remarkably, the vacancy ELF value increases
again as the cell loses six electrons, indicating the electride
characteristics of [Nb**;0%7,]°*(3e7). Next, the DOS within a
sphere of the Wigner—Seitz radius at the oxygen vacancy is
calculated (Figure 2f). As the electrons of Nb;O; are losing,
the anionic electrons in the vacancy near the Fermi energy,
indicated by the vacancy DOS between the two black dashed
lines, are constantly changed, and in abundance (>>0.01 eV™").
In conclusion, Nb;Oj; is a significant low-WF electride with
abundant localized anionic electrons in its oxygen vacancy.
2.3. Stability and Electronic Properties of Low-WF
Electride Ce,0;. Similar to Nb;O;, Ce,O; is also a 0 D
vacancy-induced electride (Figure 3a). Due to the high
contribution of f-state electrons near the Fermi energy (Figure
3e), the DFT + U method***? with U = 3 eV was used (see in
Section 1, Method). The phonon spectrum (Figure 3b) shows
no imaginary frequencies, while the formation energy resides
on the convex hull of the Ce—O binary phase diagram (Figure
3d), indicating the high dynamic and thermodynamic stability
of Ce,O;. The total energy of atomic Ce and CeO is slightly
higher (14 meV per formula) than that of Ce,O;, suggesting
the thermodynamic stability of Ce,O;. The high diffusion
barrier and higher final state energy compared with the initial
state also suggest the high stability of Ce,0; (CeO with 25% O
vacancies). Tij,O,, also exhibits a high diffusion barrier and a
higher final state energy than that of the initial state (Figures
$20,21). The diagram of ELF and PED near the Fermi energy
(Figures 3c,f) and their (101) cross-section (Figure S7) show
that Ce,O; has a large ELF and PED values near the Fermi
energy in its oxygen vacancy. So, Ce,O; has abundant localized
anionic electrons within its oxygen vacancies and can be
identified as vacancy-induced electride. Moreover, the
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calculated PDOS and projected band of anionic electrons show
that most of the anionic electron states (the red states in
Figure 3g, h) in Ce,O; are distributed near the Fermi energy.
We also find that Ce,O5’s WF (2.3 eV) is lower than that of
C12A7 (2.4 V). As a vacancy-induced 0 D electride, Ce,O,
has extremely low WF and high stability, rendering it suitable
for applications as an electron provider in e-gun and catalysis.

2.4. Potential of Ce,O; in Ammonia Synthesis.
Catalysts utilized in ammonia synthesis*® have received
extensive attention due to their pivotal role in both industry
and agriculture.*’ Due to the high bond energy of N—N and
the large energy gap between the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital
(HOMO), N, activation is a bottleneck in ammonia
synthesis.”” Benefiting from the low WF and interstitial spaces
or vacancy sites, electrides always serve as electron providers of
catalysts to reduce the activation energy of N, dissociation and
as hydrogen storage hosts to avoid surface hydrogen poisoning
in ammonia synthesis.” C12A7-supported Ru-related catalysts
have been successfully used in ammonia synthesis.*”*’
Considering the low WF and abundant vacancy sites due to
the high oxygen vacancy concentration of Ce,O;, we evaluated
the potential application of Ce,O; in ammonia synthesis. The
relative energy levels in Figure 4b reveal the potential of the
electron transfer from Ce,O; to Ru. Figure 4a outlines the
schematic mechanism involving electrides in ammonia syn-
thesis, in which the electrons of low-WF electride transfer to
the transition metal (Ru), promoting the dissociation of N,
adsorbed on Ru. Meanwhile, dissociated H, can diffuse into
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Figure 4. Ce,O; and Ru participate in ammonia synthesis. (a)
Schematic diagram of the mechanism by which electride Ce,O;
participates in ammonia synthesis. Vacancy-induced electride provides
electrons to promote nitrogen activation on Ru and stores hydrogen
atoms by its vacancies. (b) The mechanism of activation of N,
molecules by electride and transition metal. The low-WF Ce,O;
transfers electrons to Ru, elevating the Fermi energy of Ru and
making nitrogen activation more likely to occur. (c) N, dissociation
processes on pure Ru (blue line) and Ru/Ce,O; (red line). E, is the
activation energy. (d) Energy barrier E4 of H diffusion in Ce,O;
compared with that in C12A7* and a schematic diagram of the H
diffusion path. The reaction path is defined as the trajectory of H as it
diffuses from one oxygen vacancy to another. A 10 X 10 X 10 A
supercell of Ce,O3 was used for the H diffusion calculation.

the vacancies of Ce,O;, avoiding hydrogen poisoning on the
catalyst surface.

In order to validate the potential of Ce,O; in ammonia
synthesis, first-principles calculations are performed on N,
dissociation and hydrogen diffusion, which were two key
processes in ammonia synthesis. A model with 3 layers of S X §
Ru(0001) and a 20 A vacuum layer is used for pure Ru
catalyst, while a model including bilayer Ru(0001) on 4 layers
of Ce-terminated Ce,O;(111) and 20 A vacuum layer is used
for Ru-loaded Ce,O;. By considering different adsorption sites
and stacking configurations (Figures S8—S14), we obtained the
configuration of Ce Oj-supported Ru with the lowest total
energy (Figure S13). Using this configuration, the adsorption
energy of N, on Ce,O;-supported Ru was —1.09 eV, lower
than that on pure Ru (—0.83 eV). The WF of the Ce-
terminated (111) surface of Ce,O; was around 3.2 eV (see in
Figure S15). Then, the N, activation energies on pure Ru and
Ce,O;-supported Ru were calculated by using the climbing
image-nudged elastic band (CI-NEB) method™ (see in
Section 1, Method). Notably, the activation energy (E,) of
N, on Ce,O;-supported Ru is 1.18 eV, which is lower than that
on pure Ru (1.69 €V) (Figure 4c). Moreover, the reaction
product on Ru-loaded Ce,O5 was more stable than that of Ru.
Bader analysis*>~** was applied to evaluate the charge transfer
of N,/Ru, Ru/Ce,0;, and N,/Ru/Ce,O;. The results show
that (Table S3) when bilayer Ru atoms are placed on Ce,O,,
7.34 electrons are transferred to bilayer Ru. Upon N,
adsorption, 0.18 electrons are transferred from Ru to N, for
N,/Ru. The transferred electrons increased to 0.22 for N,/Ru/
Ce,O;. The calculation results substantiate the mechanism
depicted in Figure 4a that electrides can help N, obtain more
electrons, thereby promoting the N, activation process.

In addition to N, activation energy, hydrogen storage
capacity is of great significance in ammonia synthesis.” In the
conventional Ru catalysts, hydrogen adsorption is preferred
over nitrogen adsorption on Ru, which retards the NH;
synthesis rate. The hydrogen storage capacity of electrides
prevents excess hydrogen atoms on the Ru surface, thus
guaranteeing the N, activation. So, the hydrogen diffusion
process of Ce,O; was also evaluated. The H atom can diffuse
from one vacancy to another through the gap between the Ce
and the O atoms in Ce,O; (Figures 4d). The diffusion barrier
was then obtained in a 10 X 10 X 10 A supercell of Ce,O4
containing 56 atoms by the CI-NEB method. The diffusion
barrier E, for H atoms within Ce,O5 is 2.52 eV, which was
lower than that in C12A7 (3.2 eV) (Figure 4d)."* The lower
diffusion barrier indicates that the diffusion of hydrogen atoms
in Ce,O; is easier than in C12A7, which is beneficial for
hydrogen atom storage and for avoiding surface hydrogen
poison. In conclusion, Ce,O; achieves high stability, low
activation energy, and a low hydrogen diffusion barrier
simultaneously, indicating its application potential in ammonia
synthesis.

Considering the potential difficulty of single-crystal
fabrication with either high concentration or ordering in
experiments, CeO with a low concentration and disordered
vacancies was also considered. As shown in Figure S16, the WF
of CeO is 2.4 eV, slightly higher than that of Ce,O; (2.3 V).
So, CeO without vacancies and those with low-concentration
vacancies also have low WFs. As depicted in Figure S17a—i,
with low oxygen-vacancy concentrations, CeO still fulfills the
criterion of anionic electrons. Additionally, the vacancy
electrons are even more localized within CeO with a low
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vacancy concentration (manifested by an increase in ELF).
Figure S17j—1 present a supercell of CeO with three randomly
positioned oxygen vacancies, demonstrating that even random
vacancies retain anionic electrons. Consequently, the arrange-
ment of vacancies is not a prerequisite for the presence of
vacancy-induced anionic electrons. This insight signifies that
disordered oxygen-deficient CeO, experimentally more feasible
to produce, can serve as a substitute for the electride Ce,O;.

Finally, we take a holistic view of the experimental
realization and possible applications of the electrides presented
in Table S1. Due to the difficulty of directly observing anionic
electrons, the discovery of new electrides in experiments often
relies on measuring other properties, such as electron transport
properties and WF, combined with theoretical calculations.'®
Though all of the metal-oxide electrides listed in Table S1 were
synthesized experimentally except Ce,O;, 6 of them were
previously unreported electrides due to different criteria. Alkali
metal-oxide electrides, including Cs;O, Cs,O, RbyO,, and
RbsO, have low WFs, which enable electrons to escape from
the solid under low-energy excitations and create photo-
emissive surfaces suitable for light detection with high
quantum efficiency and high threshold wavelengths.’
However, their applications in catalysis are limited due to
their overly reactive chemical properties. Titanium oxides,
including Ti,O, TicO, Ti;O (P312), Ti;O (P31c), TiO, and
Zr;0 (P6_322), have also been synthesized experimentally but
have not yet been widely utilized in electron emitters or
catalysis due to their high WFs. Zr;0 (R3¢), Zr;O (R32), and
Nb;O; are previously unreported electrides with low WEFs
(3.1-3.4 eV), which may have broader chemical applications
as electron donors or reductants. Although not synthesized,
Ce,O; simultaneously possesses an ultralow WF (2.3 eV), a
large number of oxygen vacancies (25%), a lower hydrogen
diffusion barrier (2.5 eV) than CI2A7 and high thermody-
namic stability (Ey, = 0). These properties meet the demands
of various physical applications, such as electron emitters, light
detection, and chemical applications, such as ammonia
synthesis and hydrogen storage.

3. CONCLUSION AND OUTLOOK

The criteria for electride evaluation adopted from C12A7 (ELF
> 0.4, average PDOS within oxygen vacancy > 0.01 eV™')
enable us to screen out several electrides in single-metal oxides
and those with O vacancies. Introducing vacancies to produce
electride offers a promising way to look for anionic electrons
from nonelectride metal oxides. A high concentration (up to
25%) of oxygen vacancies in vacancy-induced electrides
provides more electron anions and more hydrogen storage
spaces compared with other electrides, which is important in
ammonia synthesis. The transition metal oxide electride Nb;O;
exhibits the special behavior of vacancy electrons. Its vacancy
ELF changes during the loss of excess electrons, with a
decrease followed by an increase due to its multivalent state.
Ce O3 a low-WF electride, has potential applications in
ammonia synthesis with a low hydrogen diffusion barrier and
N, activation energy. Moreover, CeO exhibits anionic
electrons and metallic properties at low oxygen vacancy
concentration and with disordered oxygen vacancies. Thus, an
O-deficient CeO is a potential alternative to low-WF electride
Ce,O;. Since oxides tend to form stable structures with O
vacancies and vacancy-induced anionic electrons, more
vacancy-induced electrides are worth exploring in other oxides.

4. METHODS

4.1. DFT Calculation. Lattice constants, geometric
relaxations, PED, ELF, DOS, phonon spectrum, energy
above the hull, energy band structure, electrostatic potential,
and absorption energy of vacancy-induced anionic electrons
and electrides were calculated using DFT within projector-
augmented wave (PAW) potentials and the PBE exchange-
correlation functional® as implemented in the Vienna ab initio
simulation package (VASP) code.”” A plane-wave basis set
with an energy cutoff of 500—600 eV was used, and the vdW-
dispersion energy-correction term was considered during the
absorption energy calculations by the DFT-D3 method,”*"*
which was derived by Grimme et al. Monkhorst—Pack
Brillouin zone sampling grids® with a resolution of 0.02 X
27 A~ were applied. The structures studied were fully relaxed
until the force converged to 0.01 eV A™". Due to the different
U values for different materials, we did not use the DFT+U
method during the screening process. DFT+U***? is known to
be necessary to describe the reduction of Ti(IV), Nb(V), and
Ce(IV). In the following process, U = 4 and U = 2.5 eV were
used for Nb and Ti, respectively, as in previous reports.”>"” A
U value of 3 eV was used for Ce, as suggested for cerium
oxides, including nonstoichiometric CeO,_, phases.”® The
results show similar features with those obtained using the
HSE06 functional®® (Figure S19). The PDOS and fat band
diagrams of anionic electrons in Ce,O; and Nb;Oj; in Figures 2
and 3 were calculated within a sphere of the Wigner—Seitz
radius at the oxygen vacancy. The minimum energy pathway
and energy barrier for the elementary steps of N, activation, H
diftusion, and O diffusion were calculated using the climbing
image-nudged elastic band (CI-NEB)** by VASP and VTST
package.”*~°

Calculations of the PDOS at the vacancy site during the
screening process were done by projecting the DOS on a
sphere at the vacancy site with a radius of the covalent radius
of the oxygen atom for the oxides.

4.2. Calibration of Fermi Energy and Electron Loss
Calculations. Compared with nonelectrides, electrides exhibit
lower WFs and localized anionic electrons due to the presence
of excess electrons. If the number of anionic electrons in the
system decreases, the properties of the electrides will change,
for example, decrease of ELF at anionic sites and increase of
WE (the decline of Fermi energy).”> The variation of the
electride properties of Nb;O; was obtained by a computational
trick, namely, by gradually reducing the total number of
electrons in self-consistent calculations. The reduction of the
total number of electrons amounts to the reduction of the
highest-energy electrons, which are the anionic electrons. They
were replaced by a homogeneous negative background so that
the crystal remained neutral. The DOS was also calculated to
calibrate the decline of Fermi energy. As shown in Figure S18,
the state with a DOS peak at —20.5 eV was selected as the
reference. Since the energy is far away from the Fermi energy,
it can be regarded as not affected by the electron loss.
According to the energy difference between the peak and
Fermi energy, we can derive the extent of the Fermi energy
decline.
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