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There are three heuristic criteria commonly used to identify electrides: an apparent valence of plus one,
empty space in the crystal structure and the presence of a strongly electron-donating cation. We evoke
and explore these criteria by mapping probable charges to a database of all known materials and
isolating around around 4000 compounds that are likely to exhibit an oxidation state of +1. Of these, we
identify peaks in off-atom electron density by density functional theory and discuss the validity with
which the design rules can be applied to these likely electrides. In doing so, we recover 4 experimentally
confirmed electrides among 51 candidates identified as potential new electrides that were not
considered previously. All results for each candidate are provided but perhaps of special significance is
the material BasAlO, that has similar composition and chemistry to the stable electride catalyst
CayAl140=5. Overall, we find that the valence and void space rules are surprisingly useful but that there
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is a breadth of chemistry to electrides that can be overlooked by considering only alkili and alkali earth
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Introduction

Electrides are materials in which the electrons detach from the
valence shell of ions and reside in the crystal structure, acting
as anions."” Because these anionic electrons are not bound to a
nucleus, they are easier to migrate and extract compared to
electrons in conventional materials, leading to relatively low
work functions and high conductivities."* These properties are
desirable for several important technological applications to
which it is expected that electrides can be successfully applied.
For example electron emitters," ion sources,” light emitting diodes
(LED) devices,® nonlinear optical switchers,” superconductors,®
and catalysts,”"° for e.g. the synthesis of ammonia,'* are all areas
of active investigation for electrides.

The first reports of anionic electrons were detailed for
solutions of alkali metals, however attempts to crystallise these
systems with the electron remaining off-atom proved difficult."?
The first successful solid system containing anionic electrons
was an organic complex condensed from such a solution by Dye
et al. in 1983, and given the name electride.'> However, the
material was extremely unstable at room temperature. It was
not until the first purely inorganic electride was synthesised
around 20 years later, that it was demonstrated that electrides
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could be stable with respect to temperature and pressure.'* The
inorganic electride was synthesised by chemical treatment of
the mineral mayenite (12Ca0-7Al,03) to remove the oxygen ions
from crystallographic cages, creating [Ca,sAl,5064]" (4€7)
often written as (C12A7:e”). This material can be considered
a zero-dimensional (0D) electride,'* as the anion electrons are
trapped in a cavity in the crystal structure. There are also 1D
electrides,'® where anion electrons are confined in a channel of
the structure and 2D electrides,'® in which anion electrons
reside as layers.

In general, electrides are expected to meet specific condi-
tions that distinguish them from conventional materials.

First, they must have excess electrons,"”” which can be
inferred from the apparent oxidation state of the chemical
formula. Second, the material must have free space in which
the excess electron can reside, hence the 0D, 1D, 2D nomen-
clature mentioned earlier. Finally, it must contain a cation from
which the excess electron will be pushed into the crystal
structure and not recombine. For example, Ca,N the first
compound to be confirmed as 2D electride material,*® con-
forms to all three criteria simultaneously, see Fig. 1. Ca,N has
2Ca”" cations which provide 4 electrons and 1 N°~ anion which
can only accept 3 electrons; thus one electron remains unas-
signed. Together, the [Ca,N]'e” system is electroneutral but the
chemical formula alone denotes an apparent valence of +1.
Secondly, the structure of the Ca,N is layered allowing space for
the anionic electrons between the bonded sheets. And finally,
the donor ion calcium is extremely electropositive.

Several screening studies have successfully employed
the design principles in seeking known or designing new

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Illustration of the archetypal electride Ca,N that conforms to all
three heuristic rules of electrides: apparent valence of +1, a crystal void
space and an electropositive cation.

electrides."®> However, the degree to which these design prin-

ciples can be relied upon to define an electride in the general
sense has recently been called in to question with the emergence
of so-called intermetallic electrides, such as La;Cu,Si,, Y;Pd,,>*
and LaRusSi*® reported in the literature. If the design principles
are not adhered to, what distinguishes an electride from a metal
or mixed alloy? On the other hand, to what extent are the design
principles limiting the identification and use of these fascinating
systems?

In this paper we investigate the design rules of electrides
using a high-throughput approach. We find that the plus one
valence rule is a simple yet surprisingly powerful motif in
finding and designing new electrides by applying probable
valence charge to all stable materials in the Materials Project
database. In doing so, we identify 51 candidates as potential
new electrides that were not reported previously and are able to
use these to further comment on the relevance of the remaining
two design principles. Overall, we conclude that electrides
encompass a richer and broader swathe of chemistries than
was thought possible until now, while confirming the effective-
ness of at least two of the existing design rules.

Methods

The process of high-throughput screening for +1 valence elec-
trides in this work is shown in Fig. 2.>® Our screening starts
from the Materials Project database®” which includes more
than 140000 inorganic compounds and uses the Vienna ab
initio simulation package (VASP) to calculate them.”® As the
definition of electrides requires an excess electron, in the first
step, we identify the materials with the total valence as +1, such
as Ca,N. This is accomplished by mapping the most common
oxidation states for each element, identified in a previous
study,” to chemical formulae in the database and summing
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Fig. 2 High-throughput screening process for +1 valence electrides,
starting from the Material Projects. The decreasing size of the candidate
pools on the left represents the number of compounds remaining after
each step elimination process.

the component values. In total this screening provides 3804
candidates.

Subsequently, we eliminate the unstable materials among
the plus one valence candidates by cross-referencing the for-
mulae against their “energy above convex hull” parameter in
the Materials Project. If the energy is greater than zero eV, the
candidates are discarded, leaving 1085 candidates remaining.
Then, we also removed any compounds that contain radioactive
elements (Np, U, Pa, Th, Pm, Ac) to arrive at a final number of
1079 materials, which were subject to ab initio analysis.

AD initio calculations were performed using the Vienna ab
initio simulation package (VASP) for the candidates. Density
functional theory (DFT)*® implementing the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA)
function was used in each case.*" Spin polarization and mag-
netism was considered. All VASP input files for the structure
optimization were automatically generated by pymatgen®
“io.vasp.sets” module with the default parameters provided
by Materials Project. Bader charge®~® analysis was performed
to identify the electron distribution of the partial charge density
within 0.2 eV around Fermi Energy level. Finally, we use Bader
charge analysis to identify maxima in electron density 2.2 A or
more away from the nearest atom. Where present we consider
the candidates as electrides, which was found to be effective in
this regard in a previous study.”

Results and discussion

The goal of this work is to assess the validity of the three most
common design principles for discovering new or uncovering
known electrides. Naturally, this goal requires evoking at least
one of these design rules first to gain a handle on the electrides
against which to benchmark said rules. At the time of writing
the Materials Project hosts over 530 000 nanoporous materials,
which is a prohibitively large candidate pool and includes
families of materials that as yet have produced no confirmed
electrides, such as metal-organic-frameworks or MOFs. Thus,
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the feature of void space within the crystal structure remains
intractable as an early approach to high-throughput analysis for
the time being. The heuristic rule of strongly electron-donating
constituent elements is one feature to which virtually all con-
firmed electrides conform and one that could in theory be the
starting point for an electride search. At the time of writing
however, there are 60933 compounds in the Materials Project
database containing at least one of the alkali- or alkali-earth
metals, which is already unmanageable, without also account-
ing for electrides with cations outside of this group such as the
confirmed electride Y5Siz.>” By contrast, the rule of total valence
summing to plus one has recently become a viable screening
tool for the first time. Ding et al®® reported scanning the
inorganic crystal structure database (ICSD)*® containing
169 800 materials, to find the oxidation states of 108 elements.
They found that just 84 oxidation states could cover more than
90% of all reported charges in the ICSD. The small number of
the probable oxidation states effectively reduces the combina-
torial explosion of possibilities when matching elements to
make compounds and allows for a most probably overall
valence value to be calculated for a given chemical formula.
Fig. 3 is found by taking the most probable oxidation states
reported by Ding et al. to calculate the overall charge of all
compounds in the Materials Project (including those not ther-
modynamically stable). The x-axis is the total valence of com-
pounds, and the y axis is the number of the compounds
corresponding to the total valence. As can be seen, there are
around 4000 compounds with an overall oxidation state of +1,
which is a surprisingly large candidate pool for finding elec-
trides but still much more manageable than the candidates
approximated by the other two design rules. Naturally however,
the overall largest assigned valence is zero by a wide margin,
corroborating the results of the previous study and perhaps
explaining the perceived rarity of electrides. As for the
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Fig. 3 The distribution of overall oxidation state for compounds in the
Materials Project using the most probable valence found by Ding et al.
The x axis is the total oxidation state of compounds, and the y axis is the
number of the compounds corresponding to the total valence.
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compounds that present neither an overall charge of zero or
plus one, we see reported entries that have very unique che-
mistries. For example, the material SFs (mp-8560)°° returns an
overall charge of —8 with this method. The large and broad
array of materials with charges greater than +1 or indeed
greater than +8 predominantly consist of alloys and mixed
metals systems, for example PuGe; (mp-21484) has a nomina-
tive charge of +16 from this approach.*® We refer the interested
reader to the original study of Ding et al for more
information,® but overall consider these instances as heuristic
outliers beyond the scope of this study.

After obtaining the compounds that have an overall valence
of +1, an energy above convex hull not greater than 0 eV and no
radioactive elements, we simulate the material with density
functional theory (DFT). Further analysis using the Bader
charge method (described in the Methods section) identifies
51 candidates, which include 4 compounds that have been
confirmed as electrides previously in experiment (Ca,N, Sr,N,
Ba,N and Ca;,Al1,0;,) and one previously predicted to be an
electride (Cs;0).*" It is of course unsurprising to find many of
the archetypal candidates with the +1 valence design principle,
since that principle was derived mainly from these well-known
examples, but their presence does lend confidence to the
ab initio screening approach. The full list of the 51 electride
candidates, their structure and partial charge density can be
found in the ESL

We conduct analysis on all of the predicted electride materi-
als that were screened using our method. Firstly, we can
consider the design principle of electropositive elements; thus
the statistics on the composed elements of these 51 candidates
are shown in Fig. 4. The electrides are mostly composed of
Lanthanide (26.6%) and transition metal (26.6%) elements.
For the lanthanides this is perhaps unsurprising as they are
relatively electropositive and are unlikely to take back the
anionic electron. The prevalence of transition metals is surpris-
ing by contrast as transition metals can often present multiple
valences and therefore should be able to accept the electron
back from the crystal structure. It was only recently that the first
redox active electride was reported with the transition metal
chromium in the compound Sr;CrN;.*? In the Sr;CrN; electride
the Cr exhibits a +4 charge but it is commonly reported as
stable at +3, thus it defies expectations by not reclaiming the

I Lanthanide
I alkali metal
alkali earth metal
I transition metal
A
VA
|1

N
. ViA

Halogen

Cation Anion

Fig. 4 Percentage distribution of cations (left panel) and anions (right
panel) in the identified candidates. The labels IlIA, IVA, P, N, VIA, Halogen
correspond to group IIA elements, group IVA elements, Phosphorus, group
VIA elements and Halogens, respectively.
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free electron in the crystal structure. Furthermore 16% and
10.6% of electrides are composed of alkali metal and alkali
earth metal, respectively, which is a return to expected beha-
viour in line with existing design principles.

We go further than the usual design rule of only considering
the cation to also consider the present anions. For the
negatively charged ions, group six elements make up the
majority of the compostion, accounting for 76%. Such a high
prevalence of chalcogenides is quite surprising, especially as
oxygen is known to be very electronegative; second only to
fluorine in its ability to attract and hold electron density. That
said, perhaps the most well-known and well applied electride is
the oxide Ca;,Al;,03,. Hopefully this result indicates that yet
more air and water stable electrides can be made if the systems
are already oxidised in their native form. Only 6% of the total
results set is composed of halogens. Halogen electrides have
been predicted to exists,*® but are not prevalent among experi-
mentally demonstrated electrides. It is however, once again not
necessarily in line with expectations as a strongly electronega-
tive ion could draw the anionic electron out of the structure.
The final surprising result is the relatively small proportion of
nitrides among these candidates, considering that nitride
compounds comprise the majority of experimentally confirmed
electrides. Overall, these findings indicate a surprising breadth
to potential electride chemistry that has barely begun to be
accessed, the lanthanide and transition-metal combinations
with group VIA elements especially represent a promising but
relatively unexplored research area that merits further
investigation.

To combine considerations of cation and anion components
we consider the general property of electronegativity. Electro-
negativity is a measure of an atom’s ability to attract electrons
towards itself when it forms a chemical bond with another
atom.”® We saw that the formation of electrides is often
associated with the presence of highly electropositive elements,
such as alkali metals, alkaline earth metals, and rare earth
metals. These elements have a low electronegativity and can
easily donate electrons to form electrides thus it may be the
case that chemical formulae with apparent +1 valence also
exhibit unusual values in their average electronegativity. The
average electronegativity is calculated by multiplying the elec-
tronegativity of each element by the corresponding number of
atoms in the chemical formula, summing and dividing by the
total number of atoms. The average electronegativity of the
final 51 candidates can be found in Fig. 5. The full list of all
the electronegativies of electrides can be seen in the ESIf
(Table S1). As the figure shows, some of the electrides do have
a relatively high average electronegativity. For comparison, the
materials CaCOj3, Fe,O; and NaCl have average electronegativ-
ities of 1.4, 2.8 and 2.0 respectively and are certainly not
considered electrides. However, Cs;O has the smallest average
electronegatively of all candidates of 1.45 and can confidently
be counted as an electride based upon our and other published
studies.*™** Given that the majority (over 80%) of our candi-
dates have electronegativity values between the 1.4 and 2.8 of
the non-electrides CaCO; and Fe,Oj; respectively, it is unlikely

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 The average electronegativity for each of the 51 electride
candidates.

that average electronegativity derived from the chemical for-
mula can be used to predict electrides in the same way that
total valence appears able.

We also investigate the design principle of internal space for
hosting the anionic electron in candidate compounds. In order
to assess the influence of internal distance on the identified
electrides, we treat the nearest neighbour distance from the off-
atom peak in electron density as a variable; the results of which
are shown in Fig. 6. The x-axis is the minimum distance we set
and the y-axis is the number of candidates containing electron
density maxima greater than that distance from the nearest
atom. The electride candidates at each distance are shown in
the Table S3 (ESIT). The figure shows the perhaps unsurprising
trend that, as the cut-off distance is increased, the number of
the candidates decrease quite sharply. However, it is interesting
to observe that at 2.8 A cutoff, all five of the known electrides
are present in the 9 candidates alongside Sr;RuNj, Sr;OsNj,
EuAl,S, and BazAlO,. In these, Sr;RuN; and Sr;OsN; have
the same prototype structure and consistent formula with
the experimentally confirmed electride Sr;CrN; (previously
discussed as the first redox active electride)*> and BasAlO,
which has a similar composition, component elements and
acquisition methods to the confirmed electride Ca;;Al;403,.
Increasing the cutoff further to 2.9 A results in the three
confirmed electrides Ca,N, Ba,N, Ca;,Al;,03, being eliminated
among others and leaving the following compounds remaining:

J. Mater. Chem. C, 2024,12, 7766-7774 | 7769
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Fig. 6 The number of electride candidates as a function of minimum

distance (in Angstroms) from the nearest atom to the peak in off-atom
electron density.

Sr,N, Cs;O and EuAl,S,. SrpN is a previously confirmed
electride,” Cs;O is a previously predicted electride,*" but
to the knowledge of the authors EuAl,S, has not yet been
considered as an electride. Given that every other candidate is
all but confirmed to be an electride we have a high degree of
confidence that that EuAl,S, will be as well.

The most common structure among the candidates is cubic
with space group Fm3m (No. 225). These correspond to LaS,
LaSe, CeS, CeSe, GdS, GdTe, TbS, DyS, HoS, ErS, TmS, LuS, and
Cs,EuCuClg. The anionic electron for these compounds is
located in the centre of the cubic coordination environment
(see Fig. 7 as an example). Of these 14 cubic systems, 13 are
binary compounds composed of f-block elements and group
five elements. Those candidates are particularly interesting as
they are rare-earth-based electrides, which have been predicted
to have high chemical stability and unique electronic properties
previously,*® making them promising candidates for various
applications. There are also two candidates that have cubic
structure but with the space group /43d (No. 220), including the
first room temperature stable inorganic electride C12A7:e",

The position of
anionic electron

c

b

Fig. 7 Electron density around the Fermi level for the material CeS as an
example of the candidate electrides. The peak in electron density is in the
centre of the cubic coordination environment.
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which has been well studied before, and the other is Ce;Te,.
To the knowledge of the authors, it is also the first time for
Ce;Te, to be considered as an electride.*’

In our candidate pool, there are also 4 candidates that
match the structure of Sr;CrN;, which as mentioned previously
was recently reported to be the first electride with partially filled
3d-shell. These are Sr3IrN;, Sr;OsNj;, BazOsN;, Sr;RuNj;, all of
them are hexagonal with the space group P63/m (No. 176). All
of them are also ternary transition metal nitride compounds.
The anion is located in a one-dimensional (1D) channel formed
by a series of oriented cavities throughout the ¢ axis of the
material, see Fig. 8. Sr3CrNj itself was found to be an electride
in a previous screening study,” however it is not included in our
analysis because the oxidation of Cr element in Sr;CrN; was
allocated as the most common +3 valence in the study of Ding
et al., which causes the assigned total valence of Sr;CrN; to be
equal to zero. However, this result highlights that there is likely
a larger family of these 1D electrides compounds either already
known or yet to be made and also lends significant credence to
the design principle of +1 valence; even after so much research
in the area it is possible to find many likely new electrides using
such a primitive, heuristic approach.

Additionally, our analysis identifies the interesting candi-
date BazAlO,, which derives from the original compound
Ba;AlO,H."® It has similar composition ratio, component ele-
ments and chemistry to Ca,;,Al;403, — the first electride stable at
room temperature. Ba;AlO, is orthorhombic with the space group
Pnma (No. 62) and is shown alongside Ca;,Al;,03, in Fig. 9. Both
cases exhibit similar 0D electride behaviour. We calculate the
band structures of Ba;AlO, and BazAlO,4H, as shown in Fig. 10. As
we can see, the band gap in Ba;AlO,H disappears in Ba;AlO, with
the removal of hydrogen atoms, just as is observed for other
electrides upon removal of an anion species, e.g. H in of Sr;CrN;
and O in Ca;Ali405,.°>°° The bands also show the strongly
dispersive nature around the Fermi level, similar to the electronic
band structures calculated for other electrides.” Finally, while not
identical, the analogous compound BaAl,0,_,H, system has been
reported as an electride that can enhance ammonia synthesis
when incorporated as a catalyst,” again like Ca;,Al;403,,"" which
boosts the confidence in our findings.

Fig. 8 The electron density channel for the SrzCrNs type compounds
(SrzRuN3z in this case).

This journal is © The Royal Society of Chemistry 2024
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BasAlO, Cay»Al405,

Fig. 9 Electron density around the Fermi level for BazAlO, (left) and
C312A114032 (I’Ight)
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Fig. 10 The electronic band structure of (a) BasAlO4H and (b) BasAlO4.

A few other candidates that are worthy of note are Nb,P;0;5,,
which is the only instance of niobium present in an electride in
our candidate set and, to the knowledge of the authors, the first
predicted niobium containing electride (see Fig. S17 of the ESIt
for the chemical structure and electron density plot for this
material). This compound contains no strongly electron positive
species, only the niobium, which is of course a transition metal
element capable of multiple oxidation states. GdS and GdTe are
also worthy of further exploration as isostructural cubic 0D
gadolinium electrides, given that Gd,C is a known electride that
exhibits ferromagnetism above room temperature.> The structure
and electron density for these compounds is shown in Fig. 7.

This journal is © The Royal Society of Chemistry 2024
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BaFeSi, 0,y

BaCrSi,0,

Fig. 11 Electron density around the Fermi level of BaCrSi4Oyo (left) and
BaFeSisO19 (right) showing different isosurfaces despite identical chemical
structure.

In this work and previous works, candidates have tended to
be grouped based on their structure. Among the electrides we
identified, there are many electrides with same prototype
structure and consistent formula, such as Sr3IrN;, Sr;OsNj,
Sr;RuN;, and BazOsNj; Ca,N, Sr,N, and Ba,N; BaCrSi O,
BaFeSi,O,, and SrCrSi,O,, etc. which indicates that chemical
substitution from confirmed electrides is a good way to design
new electrides. However, we note that electride behaviour is
not solely defined by structure. For instance, BaFeSi,O;, and
SrCrSi,O,, are candidates that have the identical structure but
have discernibly different electron distributions around the
Fermi energy, as show in Fig. 11.

Finally, we highlight potential shortcomings in our method.
Firstly, we enforce a criteria of energy above convex hull of 0 eV.
This has previously been reported as too strict to account for
the errors of DFT and it has previously suggested that a cut-off
of 24 meV above convex hull would better capture all candi-
dates instead.® Our method also only captures peaks in
electron density within a window of 0.2 eV around the Fermi
Energy level. This implicitly means that our method will not
capture any potential semiconductor electrides, the first of
which was reported recently.>* These drawbacks mean that
our results set is likely retrieving the bare minimum candidates
and there are many more yet to be uncovered.

Conclusions

In summary, we have performed a high-throughput ab initio
screening of all potentially stable electrides by automatically
assigning common oxidation states to the constituent elements
of compounds that are on their convex hull. Of the >1000
stable materials with a valence of +1 we identify 51 candidate
electrides, 4 of which were already proven in experiment-
demonstrating the validity of our approach.

We used our results set to effectively explore the established
design principles commonly used to identify electrides.
We discuss the element composition with respect to cations,
anions and overall electronegativity and find a surprising
breadth of chemistries on display. The heuristic rule of
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necessitating strongly donating cations applies to many cases
but not all, see Nb,P;0;, for example (Fig. S17, ESIT). Similarly,
we see a strong presence of transitional metals and variable
oxidation state cations in our candidates, see for example
CrSiTe; (Fig. S27, ESIt), which have been previously eschewed
in screening studies seeking electrides."® We also find that the
anions can and are often surprisingly electronegative, with
nitrides being a minority of candidates unlike the case for
confirmed electrides in experiment. This observation imparts
hope for further discovery of more air and water stable elec-
trides such as Ca;,Al;,05, that can find use in industrial
applications. To this end, we recommend the analogous
Ba;AlO, as a promising candidate for future study (Fig. S11,
ESIt). Unfortunately, we find that average electronegativity does
not correlate with electride-like tendencies for compounds.

We also considered the internal space present in the crystal
structure of the candidate electrides and find that the design
principle of a large pore for hosting anionic electrons appears
valid up to a cut-off of around 3 A. Several of the confirmed
electrides conform to this rule at the upper end of the scale.
Whether the electrides with this internal distance are dispro-
portionately confirmed in experiment because the largest pore
sizes are easier to characterise in experiment or this distance
has an intrinsic significance to anionic electron species war-
rants further investigation.

Finally, our study inherently relies on the design principle of
+1 valence. This was a necessity in order to limit the number of
candidates to the realm of feasibility but our method of map-
ping overall valence on to chemical formulae also shows ample
positive valence states higher than +1. We believe it likely that
more strongly electropositive electrides reside in this space and
encourage the exploration of these interesting compounds.

Overall, we believe we have uncovered yet more electrides to
contribute to the ever-widening pool of these interesting mate-
rials. We have high-confidence in all of our candidates but
Ba;AlO,, Sr3IrN; and SrzRuN; especially are remarkably similar
to confirmed electrides.

The compounds discussed in this work are anticipated to
have significance for a diverse range of applications and con-
tribute to the fundamental understanding of materials. Each of
them are detailed by materials project ID, chemical formula,
structure, symmetry and valence electron density in the ESIL.{
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