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ABSTRACT: This study combines machine learning (ML) and A,BC, (14437)

high—throughpufc calculations to uncover new ternary electrides in ML (1254) ) ’

the A,BC, family of compounds with the P4/mbm space group. Q o @

Starting from a library of 214 known A,BC, phases, density HTC (145) e

functional theory calculations were used to compute the maximum .
Application 4

value of the electron localization function, indicating that 42 are
potential electrides. A model was then trained on this data set and
used to predict the electride behavior of 14,437 hypothetical
compounds generated by structural prototyping. Then, the stability
and electride features of the 1254 electride candidates predicted by
the model were carefully checked by high-throughput calculations.
Through this tiered approach, 41 stable and 104 metastable new
A,BC, electrides were predicted. Interestingly, all three kinds of
electrides, i.e., electron-deficient, electron-neutral, and electron-rich electrides, are present in the set of predicted compounds. Three
of the most promising new electrides (two electron-rich, Nd,ScSi, and La,YbGe,, and one electron-deficient Y,LiSi,) were then
successfully synthesized and characterized experimentally. Furthermore, the synthesized electrides were found to exhibit high
catalytic activities for NH; synthesis under mild conditions when Ru-loaded. The electron-deficient Y,LiSi,, in particular, was seen to
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exhibit a good balance of catalytic activity and chemical stability, suggesting its future application in catalysis.

B INTRODUCTION

Electrides' ™ are a particular class of materials in which the
excess valence electrons localize within interstitial cavities
where they behave as anions. Since these localized electrons
are no longer bound to any nucleus, they are typically reported
to occupy energy bands close to the Fermi level." As a result,
electrides generally exhibit a low work function. Since the
successful synthesis of the first stable inorganic electride
[Cay,AlgOg]**(e7), (C12A7:e7),” electride materials have
attracted widespread interest for a variety of applications,
including organic light-emitting diodes (OLEDs),* super-
conductors,” battery anodes,” and catalysts’~'* for ammonia
(NHj;) synthesis and CO, reduction.

Considering the limited number of known electrides and
their immense potential, discovering new stable electrides is an
important task. Previously, the identification of new electrides
relied on detailed experiments, from synthesis up to character-
ization, with compound selection being guided by intuition
and chemical design rules.>™1° Presently, new opportunities to
accelerate the discovery of electrides are provided by high-
throughput (HT) ab initio computations with two possible
approaches. The first one is to screen for electrides within
material databases of previously synthesized phases.'®™*"
Various useful descriptors have been previously used to
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perform such differentiation between electrides and non-
electrides. For example, Dale and Johnson suggested the
electron localization function (ELF) and localized-orbital
locator (LOL) as the most reliable descriptors for organic,
inorganic, 2D, elemental, and molecular electrides.”’ Based on
the electrostatic and electronic analyses of Ca,N, SN, and
Ba,N, Walsh and Scanlon proposed to use the electrostatic
potential to identify the localized nature of excess electrons of
2D electrides.”” Although this screening method can highly
accelerate the pace of electride identification, new electrides
are limited to materials already existing in the databases. The
second approach is to design electrides with completely new
structures using structure prediction algorithms.m_26 In
contrast to computational screening, structure prediction may
yield unexpected discoveries beyond the content of the
material databases. However, it would be too demanding to
use the characteristics of electrides as the target for a global
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Figure 1. Illustration of our search framework for new ternary electrides by combining ML and HT computation. The dashed blue box describes
the establishment of the input data set from available A,BC, data. The dashed orange box represents the material screening process based on the
ML results. The dashed green box corresponds to the stability evaluation and the DFT calculation of the electronic properties of the selected
candidates. Finally, the red box shows experimental verification of the predictions.

structure search without any restrictions on possible
compositions. In fact, previous successful attempts at electride
discovery'®™*° were limited to electron-rich compositions.
Since then, the search space for electrides has dramatically
expanded. For example, ternary intermetallic electrides have
attracted considerable attention due to their excellent chemical
stability and catalytic performance.””” Moreover, electron-
neutral and -deficient electrides have also been proposed
recently.”””” These extensions of the chemical space make this
approach prohibitively time-consuming when relying only on
ab initio calculations.

In recent years, machine learning (ML) has been
successfully applied in many fields of materials research, such
as the design of crystal structures,’’™>” the development of
interatomic potentials,>>** and the prediction of material
properties.”> *° In particular, ML-based searches for new
materials that meet specific requirements in a huge chemical
space have proved effective for different material sys-
tems.”>’~* Compared to HT ab initio computations, ML
subverts the need for exhaustive quantum mechanical
calculations, rendering combinatorial chemical spaces tractable.
In turn, ML can provide insights into the complex relationships
between composition and properties.“_45 However, this
approach requires a sufficiently large training data set
(consisting of both electrides and non-electride compounds)
to obtain a reasonable surrogate model.

In this work, ML and HT ab initio computational screening
are combined to discover electrides among ternary compounds
with the structural prototype A,BC, (space group P4/mbm,
No. 127). Indeed, when considering all possible binary and
ternary compounds available in existing databases, the A,BC,
prototype shows the highest number of known electrides,

increasing the chances of achieving a predictive ML model in
this region. Furthermore, this prototype covers a significant
search space with ~14,500 possible compounds (see below).
By screening among these, 44 stable and 115 metastable A,BC,
ternary electrides with diverse anionic electron densities were
identified computationally. Moreover, some of our predicted
results were verified experimentally: two new electron-rich
(Nd,ScSi, and La,YbGe,) and one electron-deficient (Y,LiSi,)
ternary electrides were successfully synthesized and studied as
catalysts for NH; synthesis.

B RESULTS AND DISCUSSION

Screening Framework for Ternary Electrides. The
designed framework to screen new ternary electrides by
combining HT calculations and ML is illustrated in Figure 1.
First, 214 A,BC, compounds with space group P4/ mbm were
identified in the Materials Project (MP) database.*® First-
principles calculations were then performed for these 214
compounds, allowing us to identify 42 structures as electrides
(listed in Table S1 excluding the 13 electrides reported by Zhu
et al.'”). To this end, we used the ELF* value at the center of
the octahedral void of the A,BC, structure (referred to as
ELF,,,, hereafter) as a proxy (see discussion below). The ELF
value is a measure of the likelihood of finding an electron with
the same spin as a reference electron at a given point in the
neighboring space. It quantifies the degree of spatial local-
ization of the reference electron. Then, the calculated ELF
of the 214 A,BC, structures, including electrides and non-
electrides, were used as the training set for a variety of ML
models, as illustrated in the left panel of Figure 1. Several
combinations of feature selection, algorithm selection, and
model training regimes were systematically explored to
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Figure 2. Preparation of the input data set used for training the ML model. (a) Structure and calculated electron localization function (ELF) for an
example (Yb,MgP,) of A,BC, (P4/mbm, No. 127) compounds. (b) Location of the target value ELF,, in the structure. (c) ELF,,,, distribution for
the 214 existing A,BC, compounds in Materials Project database. (d) Illustration of the chemical elements considered to build the prediction data

set of A,BC, compounds.

determine the optimal model. Next, the optimal trained ML
model was applied to predict the electride properties of
hypothetical A,BC, phases. After that, HT density functional
theory (DFT) calculations were performed to study the
thermodynamic and chemical stabilities of the most promising
electride candidates suggested by the ML model (right panel of
Figure 1). Finally, experiments were conducted to synthesize
the predicted new ternary electrides to verify the theoretical
predictions.

This approach is workable only if there exists a figure of
merit for the target property that is readily computable by
DFT. ELF calculations have been the most widely used tool for
analyzing electrides,'"’~*”** and the resulting predictions have
been found to agree well with experimental observations."’
Typically, electrides exhibit a maximum in the ELF at the
interstitial position with a value of 0.75 or greater.””>” There
are, however, a few exceptions, such as C12A7:e”, which was
reported to have a small ELF value of around 0.4S. It is a
nonstoichiometric electride with only one-third of electrons
localized in a cage."” In this study, ELF calculations were
performed for 214 A,BC, compounds gathered from the MP
(Table S2). We identified 42 potential electrides in which the
electrons typically localize at the highly symmetrical octahedral
voids surrounded by A and B atoms. Figure 2a,b shows the
ELF,,,, values of Yb,MgP, as an example. The bimodal
distribution of the ELF,_,, values for the 214 A,BC,
compounds is displayed in Figure 2c. It presents a significant
peak at around 0.8, which is typical of the potential electrides.
Consequently, we decided to use the ELF,  value as a proxy
to determine whether a material is potentially an electride and
then to build an ML model with ELF,,, as the target value.
Considering the estimated uncertainty in the ML predictions,
the screening criterion for possible electrides was slightly
relaxed to ELF,,, > 0.7.

The input data set was obtained by gathering the
compositions and calculated ELF_,, values of the 214 existing
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A,BC, compounds. It was then randomly split into training and
test sets with 90 and 10% of the data, respectively.

The prediction data set was constructed through a simple
element replacement strategy without considering charge
balance. By selecting elements from existing A,BC, compounds
(ie, 21, 29, and 25 candidate elements for A, B, and C sites,
respectively (Figure 2d)), 15,225 compounds were generated.
After excluding those already present in the input data set, the
prediction data set contains 14,437 ternary A,BC, compounds.

Algorithm and Feature Selection. Besides the input data
set itself, the identification of the most relevant features and of
an appropriate algorithm can greatly enhance generalization
and accuracy.

In fact, the algorithm and features are quite strongly
intertwined. On the one hand, the choice of relevant features is
crucial for the ML model to achieve good prediction
performance. On the other hand, the accuracy of the ML
model can be used as an indicator to validate the selected
features. Since our target value is the interstitial electronic
characteristic (ELF,,) of the A,BC, compounds, we
considered features related to the structure and various atomic
properties that can significantly affect ELF, .. In total, 28 input
features were considered including the first ionization energy
and the atomic radii of the selected elements as well as the
electronegativity difference between them. The complete list of
these input features can be found in Table S3. By selecting the
intrinsic properties of elements as features, no additional DFT
calculations are required in the featurization process, which
enables the screening of much larger chemical spaces.

For the ML model, we assessed five regression algorithms
that have been widely used for predicting material properties:
Decision Tree Regressor (DTR),>® Adaptive Boosting
Regressor (ABR),54 eXtreme Gradient Boosting Regressor
(XGBR),** Support Vector Regression (SVR) ,% and Gradient-
Boosted Regression Tree (GBRT).”” They were compared
based on the root mean squared error (RMSE) and the
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Figure 4. Analysis of interstitial electron formation in A,BC, electrides. Distribution of ELF,,, in the training data set as functions of five features of
(a) x(A = B), (b) x(B), (c) a(B — C), (d) a(B), and (e) a(A — C). (f) Schematic diagram of the interstitial electron formation.

determination coefficient (R?) (Figure Sla). To optimize the
hyperparameters of each model, a fivefold cross-validation was
performed on the training set (90% of the input data set), and
each final model was evaluated on the same test set. It can be
seen from Figure Sla that all five algorithm models perform
well, with the GBRT algorithm yielding the highest accuracy;
thus, it was chosen to build the follow-up ML models.

To limit the dimensions, a model-based wrapper method
was used for the feature selection. The feature importance
score obtained from the GBRT algorithm was used to remove
features iteratively, with an ML model trained at each step
using the remaining features. This process was repeated, until
only one feature remained. For reliability, the importance score
of each feature at each step was obtained as the average of 10
training runs (Table S4). The feature selection process is
illustrated in Figure 3a. The best results (the global extremum
in the RMSE and R? indicators) are achieved with 20 features,
but using only S or 11 of them (which are local extrema in
RMSE and R’ indicators) already lead to sufficiently predictive
results (the R®> indicator decreases only by 2 and 1%,
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respectively). To ease the interpretability of the model while
maintaining a high accuracy, we decided to work with 11
features (as listed in Table S3). After conducting 100 random
tests, the average importance scores of these 11 features
(Figure 3b) exceeded 10. Next, the test set was used to
evaluate the generalization ability and accuracy of the trained
model. The RMSE and R? indicators were obtained by
averaging over 100 tests (Figure 3c), and the results were
0.034 and 0.957, respectively. This demonstrates that the
trained ML model has a performance sufficient to screen
electride properties of the unseen hypothetical materials and
reduce the number of required calculations.

Since our aim is to identify phases with ELF . > 0.7, we
utilized the algorithm in a classification context in order to
validate the model’s ability to accurately classify the ELF value.
The confusion matrix (Figure S1b) of the classification
demonstrates a high level of accuracy (0.94), indicating that
the model can reliably identify phases with an ELF_,, > 0.7.

Analysis of Interstitial Electron Formation Based on
ML Results. Although the ML model trained in this study

https://doi.org/10.1021/jacs.3c10538
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used 11 features, it is evident from the feature importance in
Figure 3b that the top five features (which correspond to a
local extremum in the RMSE and R? indicators, see discussion
above) have a considerable impact on the performance of the
model (importance score >20). These mainly consist of the
electronegativity, y, and polarizability, @, of the constituent
atoms. Meanwhile, the corresponding values for RMSE and R?
using these five features are 0.044 and 0.940, respectively.
These suggest that these five features play a crucial role in
determining the formation of interstitial electrons. In the
following analysis, the reasons behind the significant influence
of these features on the formation of interstitial electrons were
examined.

The distribution of the values of the five features, y(B),
(A = B), a(B — C), a(B), and a(A — C), in the training data
is shown in Figure 4a—e. These features can be divided into
two parts based on the competition for electrons among
different atoms. The first part (y(A — B) and y(B)) describes
the relationship between atoms A and B, while the second part
(a(B — C), a(B), and a(A — C)) focuses on the features about
A (B) and C atoms.

(A — B) and y(B) describe the influence of the competition
between atoms A and B on the formation of interstitial
electrons. The atoms influencing these two features are
precisely those constituting the octahedron that surrounds
the interstitial electrons. As shown in Figure 4a and b, ELF
values around 0.8 correspond to values of y(A — B) between
—0.3 and 0.3 and values of y(B) ranging from 1 to 14,
respectively. Figure 4a shows that as the electronegativity
difference y(A — B) increases from —1.5 to 0, the ELF,, of
the interstitial electrons also increases. Furthermore, the
distribution of ELF_,, as shown in Figure 4b, exhibits a
strong correlation with the electronegativity of the B atom. It is
revealed that the comparable electronegativities of A and B
atoms favor the formation of interstitial electrons of
electrides.'”

For further insight into the formation of interstitial electrons,
the electronic structures of a series of Y,BSi, compounds (B =
Li, Mg, Sc, and Al with y of 098, 1.31, 1.36, and 1.60,
respectively; y(Y)=1.22) were calculated as an example and are
shown in Figure S2. By analyzing the atomic and interstitial
electrons projected band structures (Figure S2a—c), we found
that interstitial electrons are mainly contributed by Y atoms
when the values of y(B) are 0.98, 1.31, and 1.36. This is
consistent with the ML result that interstitial electrons can be
formed only when the y(A — B) value is within the range of
—0.3 to 0.3 (Figure 4a). When y(B) is too large (y(Al)=1.6),
the interstitial electrons will be captured by the B atom,
resulting in the formation of a multicenter bonding instead of
interstitial electrons (Figure S2d). The variation of calculated
ELF,,,, of Y,BSi, compounds as a function of y(A — B) or
x(B) is shown in Figure S3a,b. Since the electronegativity is the
measure of the ability of atoms to attract electrons in
compounds, a possible interpretation is that the interstitial
electrons in the octahedron are donated by A atoms and are
stabilized due to the competition between the A and B atoms.

Based on the above analysis, it can be inferred that
electronegativities of cations A and B have a direct impact
on the formation of interstitial electrons, which is consistent
with the mechanism proposed in previous research.'’
However, our ML analysis further revealed that the polar-
izability of the cations and anions has a significant influence on
the strength of interstitial electrons. Table S4 shows that the

values of RMSE and R* using the two features y(A — B) and
(B) are 0.089 and 0.698, respectively. After considering the
next three features a(B — C), a(B), and a(A — C), the quality
of the trained model is significantly improved, with RMSE and
R? values of 0.044 and 0.940, respectively, which are very close
to those (0.038 and 0.949) by using 11 features.

The polarizability of an atom represents the degree to which
the valence electrons deform when the atom is subjected to an
electric field. The calculated ELF,,,, as a function of a(B — C)
is shown in Figure 4c. It can be observed that a(B — C) values
corresponding to high ELF, , values are near zero (Figure 4c).
In contrast, the values of (A — C) mostly lie between 0 and 1
when interstitial electrons exhibit a high degree of localization.
It has been revealed that electropotential wells can be formed
at interstitial sites of electrides to accommodate electrons.'®
Therefore, one can conclude that a high polarizability of A
atoms can favor the formation of electride electrons under an
electrostatic potential in a crystal structure. Although the B
atoms in A,BC, electrides have electronegativities comparable
to those of the A atoms, for the emergence of electrides, it is
highly likely that the B atoms have a low polarizability
comparable to that of the C atoms, as shown in Figure 4c,e.

The calculated ELF,,. of Y,ScC, (C = Pb, Ga, In, and TI)
compounds as a function of a(B — C) illustrates the influence
of relative polarizability (Figure S3c). When the electro-
negativity difference between Y (A atom) and Sc (B atom)
satisfies the electronegativity condition (y(A — B) = —0.14),
the degree of localization of interstitial electrons increases first
with the polarization difference (a(B — C)) and then
decreases. This result illustrates that when the polarizability
of B cations is slightly greater than that of the C anions, the
localization of interstitial electrons is robust. With the further
increase of B polarizability, the valence electrons of B atoms
can be attracted by C atoms instead of forming anionic
electrons at interstitial sites. This indicates that the polar-
izability of C atoms can indirectly affect the spatial distribution
of the valence electrons of the B atom through the
polarizability difference between C and B atoms and then
affect the formation of interstitial electrons of electrides.
Furthermore, the calculated ELF,,, of Y,BSi, (B = Mg, Ca, Sr,
and Ba) as a function of a(B) and the calculated ELF,,, of
Y,MgC, (C = Al, Ga, In, and T1) as a function of a(A — C) are
shown in Figure S3d and e, respectively. In summary, the
degree of localization of interstitial electrons is greater and the
polarizability of B atoms is lower and comparable to that of C
atoms.

To better understand the formation of interstitial electrons
in A,BC, and the synergy of electronegativity and polar-
izability, a schematic diagram is drawn as shown in Figure 4f.
The following picture emerges from the interpretation of the
ML model from this work: although A and B atoms have
similar electronegativity, due to the greater polarizability of the
A atom, the valence electrons of A atoms migrate to the
interstitial position under the action of the electrostatic field in
the crystal while the valence electrons of B atoms are
transferred to the C atoms to balance the charge distribution
inside of the A,BC, compound.

Therefore, it can be concluded from the feature extraction
based on ML training that A and B atoms have a direct
influence on the formation of interstitial electrons, while C
atoms influence the emergence of electrons through an indirect
but significant effect of relative polarizability, which was not
mentioned in previous studies. This shows that ML can help us
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Figure 5. Crystal and electronic structures of predicted A,BC, electrides. XRD patterns with Rietveld refinement of Nd,ScSi, (a), La,YbGe, (b),
and Y,LiSi, (c). Calculated electronic structures of Nd,ScSi, (a), La,YbGe, (b), and Y,LiSi, (c).

better understand the formation of interstitial electrons in
A,BC, compounds, allowing us to devise increasingly complex
chemical design rules. Although the above mechanism
obtained with the help of ML is based only on the A,BC,
prototype, it may help us understand, design, and discover new
electrides with other structural prototypes.

Electride Prediction by the ML Model and High-
Precision DFT Calculations. Using the predictions of our
well-trained ML model, the 14,437 constructed A,BC,
compounds were screened with the prediction criterion of
ELF,,,, > 0.7. As displayed in Figure 1, 1254 compounds were
predicted by the model to be candidate electrides.

To assess their synthesizability, the thermodynamic and
dynamic stabilities of these 1254 candidate structures were
further evaluated by further high-precision DFT calculations.
Previous studies'”'® have demonstrated that the calculated
ELF alone is not enough to confirm the nature of electrides, as
the localized electrons can occupy an energetic range far away
from the Fermi level. Hence, a detailed electronic structure
analysis is necessary for confirmation of the electride
candidates.

To assess the thermodynamic stability of a given compound,
the distance of its formation energy from the convex hull
(Epgy) is a good indicator. Compounds with Eyy = O are
thermodynamically stable and have a high probability to be
synthesizable. Therefore, we constructed ternary phase
diagrams for the elements composing the 1254 electride
candidates, considering the known competing phases reported
in various databases.***® Based on these calculations, 53
candidates were suggested to be thermodynamically stable. It is
important to note that some thermodynamically metastable
compounds can also be synthesized®” and that the estimations
from DFT may be inaccurate.>® Therefore, we also considered

all compounds with E, values lower than 50 meV/atom,
generating a set of 152 thermodynamically metastable
candidates.

Then, the dynamic stabilities of the 228 (53 + 152)
candidate structures were investigated by phonon dispersion
calculations. It turned out that 176 compounds were
dynamically stable, as indicated by the lack of phonon
modes with imaginary frequencies. Following this combination
of thermodynamic and dynamic calculations, 47 stable and 129
metastable A,BC, compounds are considered as potential
electrides that can be synthesized.

A previous study'® suggests that electrides should have the
following characteristics: (1) the existence of localized
interstitial electrons and (2) the energy level of the interstitial
electrons is near the Fermi level. Consequently, high-accuracy
DFT calculations of the electronic structure properties were
performed for the 176 candidates. We analyzed electrons on
the band structures and excluded the compounds for which the
levels occupied by the interstitial electrons were outside of —1
eV < E — Eg < 0 eV energy window. Finally, 41 stable and 104
metastable A,BC, structures were confirmed as potential
electrides. The relaxed crystal structures and their computed
properties have been deposited in the Materials Cloud
Archive® (available at the DOI: 10.24435/materialscloud:c8-
gy), which can be explored at https://electrides.modl-
uclouvain.org via the web UI and programmatic OPTIMADE
APLOL2

Electrides have long been thought to only exist in electron-
rich systems.” Very recently, it was demonstrated that
electrides can be electron-neutral®® or even electron-
deficient”®** compounds. As the elements in A,BC, com-
pounds have variable valence states, it is expected that different
types of electrides, i.e., electron-rich, -neutral, and -deficient
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electrides, can be found in this A,BC, material family. Indeed,
such an expectation was confirmed by the electronic structure
calculations for the screened 187 new electrides. For instance,
the highest valence state of yttrium (Y) is +3 and the valence
state of silicon (Si) as an anion can be —4. When Y and Si were
used as A and C elements, respectively, the charge balance
conditions of A,BC, electrides could be tuned by choosing
different B elements with different valence states. It is well
known that lithium (Li), magnesium (Mg), and scandium (Sc)
are +1, +2, and +3, respectively. Therefore, the candidates
Y,LiSi,, Y,MgSi,, and Y,ScSi, predicted in this work can be
electron-deficient, -neutral, and -rich electrides, respectively
(Figure S2a—c). In total, 13 electron-deficient electrides,
Y,LiSi,, Sc,LiSi, La,LiSi,, Ce,LiSi, Pr,LiSi,, Sm,LiSi,,
Tb,LiSi,, Dy,LiSi2, Ho,LiSi,, Er,LiSi;, Tm,LiSi,, Lu,LiSi,,
and La,LiGe,, were identified to be synthesizable at ambient
pressure by high-precision DFT calculations. This result proves
that the electron-rich condition of the com;)ound can be
relaxed for future studies screening electrides.’

Among the final candidates, it is worth highlighting 7 stable
and 29 metastable A,BC, electrides, e.g., Yb,LiP, and Ce,LiSi,,
presenting magnetism. Table S5 shows the complete list of
A,BC, electrides with magnetic properties. Their specific
magnetic properties still need to be studied further with more
accurate computational approaches. Hence, they are not
discussed in detail here. However, it is worth mentioning
that the magnetic properties of Ce,MgSi, have already been
studied in a previous work,”® but its electride nature had not
been noticed.

Experimental Validation of Predicted Electrides.
Based on the prediction results, two new electron-rich
(Nd,ScSi, and La,YbGe,) electrides and one electron-deficient
(Y,LiSi,) A,BC, electride were successfully synthesized, the
La,YbGe, for the first time. While Nd,ScSi,** and Y,LiSi,*”
have been previously reported outside of the context of
electrides, we believe this is the first report of La,YbGe,. We
conducted Rietveld refinements of the X-ray diffraction pattern
using the predicted structures of the three newly synthesized
electrides. Figure Sa—c shows that the simulated peak (black)
positions have an excellent correlation with the experimental
pattern (orange). Additionally, the difference plot (blue)
indicates an acceptable fit with the refined profile and
calculated unit-cell parameters for all three structures. Their
calculated electronic structures are also shown in Figure Sd—f.
The energy levels of interstitial electrons of the three electrides
are close to the corresponding Fermi levels, which is a typical
characteristic of electrides. Due to the presence of d electrons
from transition metals and f electrons from rare earth elements
in Nd,ScSi;, La,YbGe,, and Y,LiSi,, the strong on-site
Coulomb correlation effects were taken into consideration
using the DFT + U approach. As a result, it was verified that
Nd,ScSi, is a magnetic electride whereas La,YbGe, and Y,LiSi,
exhibit nonmagnetic properties. Although electron-deficient
electrides have already been predicted theoretically at high
pressure,zg’64 Y,LiSi, is the first confirmed electron-deficient
electride at atmospheric pressure, hence expanding the
chemical space of electrides.

The ability for reversible hydrogen storage and low work
function are two important characteristics of electrides in
experiments.”*®” Therefore, we conducted these two charac-
terizations on three new electrides.

At low temperature (<200 °C), the anionic electrons in
electrides present a high affinity for H atoms while, at higher

temperatures, the trapped hydrogen can be released. This
reversible storage ability can be beneficial for NH; synthesis by
alleviating hydrogen poisoning of Ru catalysts.” This capability
was confirmed for the three new proposed electrides. Our
samples can be easily hydrogenated under a H, atmosphere at
200 °C, and the H release takes place for temperatures ranging
from 300 to 500 °C: the hydrogen temperature-programmed
desorption (H,-TPD) measurements show hydrogen desorp-
tion peaks at 499, 349, and 391 °C for Nd,ScSi,, La,YbGe,,
and Y, LiSi,, respectively (Figure 6a). This result is in very nice
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Figure 6. Hydrogen storage properties and measured work functions
of Nd,ScSi,, La,YbGe,, and Y,LiSi,. (a) H, TPD spectra of
hydrogenated of three new electrides. (b) Energy change of hydrogen
desorption for three electrides at 0 K obtained by DFT calculations.
(c—e) The measured work functions of the three electrides by UPS
(He, hv = 21.2 eV).

agreement with the DFT-calculated desorption energies
(Figure 6b), which are 1.58, 0.71, and 1.14 eV for Nd,ScSi,,
La,YbGe,, and Y,LiSi,, respectively. Note also that our DFT
simulations show that the trapped H atom sits where the
anionic electrons were prior to hydrogenation, and the
corresponding electronic states are moved away from the
Fermi level to lower energies (Figure S4). Coming back to the
result of experimental H,-TPD measurements (Figure 6a), the
desorption peaks at higher temperatures (725, 695, and 618 °C
for Nd,ScSi,, La,YbGe,, and Y,LiSi,, respectively) can be
attributed to the dynamics of the escape process of the H atom
from the bulk. Therefore, both our experimental and
computational results reveal a good H adsorption—desorption
ability for Nd,ScSi,, La,YbGe,, and Y,LiSi, in the 300—500 °C
temperature range, making these three new electrides potential
candidates to solve the hydrogen poisoning problems during
catalytic NH; synthesis, which arises from the strong
adsorption of hydrogen on the metal surface.”””’

Using ultraviolet photoelectron spectroscopy (UPS), the
work functions (®y5) of Nd,ScSi,, La,YbGe,, and Y,LiSi,
were measured to be 4.0, 3.6, and 3.06 eV, respectively, from
the cutoff energy of the secondary electrons (Figure 6¢c—e).
The corresponding DFT values were computed to be 2.75—3.8
eV (Nd,ScSi,), 2.45—3.17 eV (La,YbGe,), and 2.86—3.7 eV
(Y,LiSi,) (Figure SS). Given the approximations involved,
these calculated values can be considered as qualitatively
consistent with the experimental measurements. These low
work functions suggest the potential for efficient electron

https://doi.org/10.1021/jacs.3c10538
J. Am. Chem. Soc. 2023, 145, 26412—-26424


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10538/suppl_file/ja3c10538_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10538/suppl_file/ja3c10538_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10538/suppl_file/ja3c10538_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10538/suppl_file/ja3c10538_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10538?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10538?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10538?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10538?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c10538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

donation, thereby promoting N, actlvatlon when electrides are
utilized as catalyst supports for Ru.”

Motivated by their great potential for NH; synthesis, we
synthesized Ru-loaded Nd,ScSi,, La,YbGe,, and Y,LiSi, and
evaluated their catalytic performances. The loading amounts in
our experiments were set as 2 and 5% (weight percent). The
actual loading amounts of Ru measured by inductively coupled
plasma (ICP) method on Nd,ScSi, are 1.4 and 3 wt %, while
those on La,YbGe, are 1.4 and 2.8 wt %. Interestingly, it was
found that the loading of Ru of electron-deficient electride
Y,LiSi, is much easier than those on Nd,ScSi, and La,YbGe,.
The measured loading amounts on Y,LiSi, are 1.9 and
4.9 wt %, which are almost identical with the values for
nominal loading. The catalytic performance of the electron-
rich A,BC, electrides is shown in Figure 7a (where x%Ru/
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Figure 7. Performance evaluation of electron-rich A,BC, electrides for
NH, synthesis. (a) Activity comparison for different catalysts at
400 °C and 0.1 MPa. The data for 4%Ru/C12A7:e” and 5%Ru/Y;Si;
are taken from the literature,"" and the rest of the data is obtained on
the same equipment. (b) Arrhenius plot of ammonia synthesis over
Ru/Nd,ScSi,. (c) Activity of 3%Ru/Nd,ScSi, at different reaction
pressures. (d) Stability test of 3%Ru/Nd,ScSi, within 100 h.

A,BC, denotes A,BC, loaded with x wt % Ru) in comparison
with those of traditional oxide-supporting catalysts and of
other reported electride-supporting catalysts. One can see that
the catalytic activities of 3%Ru/Nd,ScSi, (2800 pmol g, "

h™) and 1.4%Ru/Nd,ScSi, (3000 ﬂmol g ' h7') are much
higher than those previously reported'' at 400 °C and 0.1
MPa. The NHj synthesis activities of 1.4%Ru/La,YbGe, (1250
umol g.~' h™) and 2.8%Ru/La,YbGe, (1150 umol g~
h™") are higher than that of 2%Ru/Y;Si; (800 ymol g.,, "' h™"),
the first intermetallic electride catalyst. Interestingly, it should
be noted that the catalytic activities of these two new electrides
are not sensitive to the Ru loaded. This can most probably be
attributed to the fact that all A,BC, electrides synthesized in
this work display very small specific areas (<1 m?/g). As
derived from the Arrhenius plots, the apparent activation
energy (E,) for the NH; synthesis of 3%Ru/Nd,ScSi, is 42
kJ mol™! (Figure 7b), which is lower than those of
conventional Fe-based and Ru-based catalysts and is
comparable to those reported for other electride-based
catalysts.””””" The NH, synthesis activity of 3%Ru/Nd,ScSi,

shows a monotonic increase with the pressure, reaching 8300
umol g, ' h™" at 1 MPa (Figure 7c). This is an important
advantage of electrides in solving the problem of hydrogen
poisoning. The stability of 3%Ru/Nd,ScSi, was tested at 400
°C and 1 MPa (Figure 7d). The NHj; synthesis activity
remained stable at a value of ~2.5 mmol g.,,~' h™', showing no
obvious deactivation after a time-on-stream of 100 h.

The catalytic activities of 4.9%Ru/Y,LiSi, and 1.9%Ru/
Y,LiSi, catalysts are 2300 and 1800 umol g, ' h™"' (Figure
8a), respectively, which are comparable with the reported
activities for the 4%Ru/C12A7:e” and intermetallic electron-
rich electride catalyst Ru/Y;Sis."" The E, for the NH, synthesis
on 4.9%Ru/Y,LiSi, was calculated to be 65 kJ mol™! (Figure
8b), which is higher than those of typical electron-rich
electride catalysts but is still much lower than those of
conventional Fe-based and Ru-based catalysts.”””®> This
indicates for the first time that electron-deficient electrides
can act as an efficient support for the NH; synthesis. One main
drawback of most reforted electron-rich electrides, e.g,
C12A7:e” and Ca,N,”* is the lack of chemical stability in
highly oxidative environments (e.g, in a water solution).
Therefore, we assessed whether an electron-deficient electride
could possess a superior stability. To this end, 0.5 g of the
synthesized Y,LiSi, sample was first washed with 40 mL of
water and then centrifuged and lyophilized. By measuring its
XRD pattern, it was found that the main phase is still Y,LiSi,
even after being submerged in water for S days (Figure S6).
Then, using samples washed for 1 h and 5 days, two 4.9%Ru/
Y,LiSi, catalysts were synthesized and tested for NH,
synthesis. Surprisingly, the NH; synthesis activities of 2000
umol g™ h™' (1 h) and 1600 pumol g, h™" (5 days) were
still obtained (Figure 8a), demonstrating the durability of this
electron-deficient electride in harsh environments, such as
those of industrial NH; synthesis. It is noteworthy that the
measured E, of the catalyst using the Y,LiSi, washed for 1 h is
about 70 kJ mol™" (Figure S7). This energy is much lower than
that of reported Ru/Y,0; (~100 kJ mol™"),” which confirms
that the Y,LiSi, electride is still the active component after
washing, rather than Y,0;.

The catalytic activity of 4.9%Ru/Y,LiSi, was also measured
as a function of pressure, as shown in Figure 8c. It increases
monotonically with the pressure, reaching 8000 ymol g.,,~' h™"
at 1 MPa, proving that this electron-deficient electride can also
be used to circumvent the problem of hydrogen poisoning.

The catalytic activity of an electride-based catalyst is
believed to be determined by the concentration of the anionic
electrons. Namely, the stronger the localization of anionic
electrons, the more active the electride-based catalyst. This
belief stems from work by Hosono et al., who synthesized and
studied the C12A7:e” electride with different electron
densities.”® Nonetheless, there is so far no solid evidence to
support this idea in other electrides due to the lack of materials
on which it could be investigated. The A,BC, electrides
discovered in this work share the same crystal structure and
possess different degrees of localized electrons at the interstitial
sites and thus form the perfect playground to study the
influence of the quantity of localized electrons on the
performance of electride catalysts.

Various theoretical and experimental data were thus
collected for the Nd,ScSi,, La,YbGe,, and Y,LiSi, electrides.
First, ELF calculations and Bader charge analysis were
performed. The ELF, . of Y,LiSi, (0.79) is found to be
smaller than those of Nd,ScSi, (0.85) and La,YbGe, (0.88)
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Figure 8. Catalytic ammonia synthesis performance and mechanism of electron-deficient electride Y,LiSi,. (a) Catalytic activities of Ru/Y,LiSi,.
(b) Arrhenius plot of NH; synthesis over 4.9 wt % Ru-loaded as-synthesized Y,LiSi,. (c) Activity of 4.9 wt % Ru-loaded as-synthesized Y,LiSi,
under different pressures. (d) Calculated Bader charges and electron localization functions (ELF) of interstitial electrons of Nd,ScSi,, La,YbGe,,

and Y,LiSi,.

(Figure 8d). More importantly, the Bader charge of anionic
electrons of the electron-deficient electride Y,LiSi, (—0.13 lel)
is roughly a quarter of those of electron-rich electrides
Nd,ScSi, (—0.42 lel) and La,YbGe, (—0.49 lel) (Figure 8d).
These results prove that the localization degree of anionic
electrons is much weaker in the electron-deficient electride
than in the electron-rich ones. However, the measured NHj;
synthesis activity of the electron-deficient electride catalyst Ru/
Y,LiSi, (~2000 pmol g.,,~' h™') is comparable with those of
electron-rich catalysts (~1200—3000 umol g.,,~' h™'), and it is
even higher than that of Ru/La,YbGe, (~1200 pumol
gCat_l h_l)'

Given that the molar masses of the three electrides are quite
different (389.61 g mol™" for Nd,ScSi,, 596.13 g mol™" for
La,YbGe,, and 240.92 g mol™" for Y,LiSi,), their catalytic
activity was renormalized by expressing them per mole (Figure
S8) leading to 1169 (1.4%Ru/Nd,ScSi,), 745 (1.4%Ru/
La,YbGe,), and 434 mmol(NHQ-molm_l-h_1 (1.9%Ru/

Y,LiSi,). This activity is perfectly consistent with the trend
of the measured activation energies for these three electride
catalysts (Figure S9): 42, 54, and 65 kJ mol™'. The electron-
rich electrides thus have a much greater ability to accelerate the
reaction process of NH; synthesis than their electron-deficient
counterparts. Nonetheless, although Y,LiSi, has the lowest
catalytic activity per molar amount, its low anionic electron
concentration and small molar mass make it a very promising
support material for NH; synthesis catalysts with high stability.

B CONCLUSIONS

In this work, a systematic investigation was carried out for
screening new A,BC, ternary electrides through a combination
of ML and high-throughput DFT calculations. In total, 44
stable and 115 metastable A,BC, electrides, including electron-
deficient, electron-neutral, and electron-rich ones, were
identified. Among these newly identified electrides, 13
electron-deficient electrides Y,LiSi,, Sc,LiSi,, La,LiSi,,
Ce,LiSi,, Pr,LiSi, Sm,LiSi,, Tb,LiSi, Dy,LiSi, Ho,LiSi,,
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Er,LiSi,, Tm,LiSi,, Lu,LiSi,, and La,LiGe,, were found to be
thermodynamically metastable phases, i.e. their calculated
enthalpies above the convex hull are smaller than S50
meV/atom. ML research in this work not only accelerated
the discovery of new electrides but also, by interpreting the
feature importance of the trained model, revealed a new
mechanism for the formation of electrides. In addition to the
electronegativity of cations, the relative polarizability of anions
and cations also has an important influence on the formation
of electrides in an indirect way.

To validate these predictions, two electron-rich electrides
La,YbGe, and Nd,ScSi, were successfully synthesized; more-
over, despite the thermodynamical metastability of all
identified electron-deficient electrides, Y,LiSi, could also be
obtained experimentally. The three compounds were exper-
imentally characterized, displaying typical electride features,
e.g., reversible hydrogen storage ability, and low work
functions. When loaded with a small amount of Ru, the
three electrides show high stability and catalytic activity for
NH; synthesis. In particular, the electron-deficient electride,
Y,LiSi), exhibits a very promising balance between chemical
stability and catalytic performance that remains even after
washing the sample with water for S days. Finally, the
electrides found in this work were used as a playground for
investigating the correlation between their anionic electron
density and catalytic activity. It was demonstrated that the
abundance of anionic electrons can greatly promote the
catalytic process of the NH; synthesis.

This study demonstrates that machine learning can provide
useful insights regarding the theoretical study of electrides
while being able to effectively screen electrides for a given
structural prototype and independent of the charge balance
condition. This ML-accelerated work suggests that electrides
may not be as rare in the chemical space as one might think
and that the electron-deficient electrides are not just fantastical
structures only existing in theoretical studies but are real and
potentially valuable materials.
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B EXPERIMENTAL SECTION

First-Principles Calculations. The DFT computations were
performed using the Vienna Ab initio Simulation Package (VASP)”
within the projected augmented wave (PAW) method.”® The
Perdew—Burke—Ernzerhof generalized gradient approximation
(PBE-GGA)”® was adopted for the exchange—correlation potential.
The specific pseudopotentials used are those recommended by VASP
software (Version S5.4.4). The electronic wave functions were
expanded onto a basis set including plane waves up to a cutoff
energy of 600 eV. The band structures in the main text were
calculated using the PBE+U method. The following U values were
adopted for the respective elements: 6.66 eV for Nd, 3.3 eV for Sc,
6.5 eV for La, 8.9 eV for Yb, and 2 eV for Y.*”*' The Brillouin zone
was sampled using I'-centered 5 X S X 8 Monkhorst—Pack k-point
grids (k-mesh spacing of 0.03 in units of 27/ A). The atomic structures
were relaxed until the forces on all atoms were lower than 0.02 eV/A,
and the energy did not change by more than 1077 eV.

Electride Synthesis and Characterizations. All of the metals
used were purchased from Aladdin Reagent Co., Ltd. La,YbGe, was
prepared using a two-step method. First, La granules (99.9%) and Ge
pieces (99.9%) were arc-melted with a stoichiometric composition of
La:Ge = 1:1 to obtain LaGe intermetallic. The LaGe ingot was
ground, mixed with Yb granules (99.9%) with a stoichiometric ratio of
2:1, and then sealed in a stainless-steel crucible filled with Ar. After a
continuous heating under 1000 °C for 30 h, La,YbGe, powder was
collected and characterized. Nd,ScSi, was prepared with a one-step
arc melting route. Nd pieces (99.9%), Sc pieces (99.9%), and Si
pieces (99.9%) were mixed by a molar ratio of 2:1:2 and then arc-
melted repeatedly five times to ensure homogeneity. The obtained
ingot was annealed at 1000 °C for 2 weeks for purification and then
crushed and ground in an Ar-filled glovebox before use. The synthesis
of Y,LiSi, was carried out following the method previously reported in
the literature.’> The three types of metals, Y, Li, and Si, were
thoroughly mixed and annealed at 700 °C for 6 h in a stainless-steel
crucible filled with argon (Ar) to produce the Y,LiSi, sample.

Synthesis of Ru-Loaded Catalysts. The Ru-loaded catalysts
were prepared via a chemical vapor deposition method, where the
desired amount of Ru;(CO),, was mixed with 0.5 g of the synthesized
electride in an Ar-filled glovebox. The mixture was sealed in a quartz
tube and then heated with the following program: 1 °C min™" up to
70 °C, hold for 1 h; to 120 °C in 2 h, hold for 1 h; to 250 °C in 2.5 h,
hold for 2 h; cooling to ambient temperature. The obtained catalysts
were used for performance evaluation and characterizations without
further treatment.

Powder X-ray diffraction (XRD) measurements were performed
using an X-ray powder diffractometer with a Cu Ka radiation source
(Bruker D8 DISCOVER A2S). The work functions of the electrides
were obtained from UPS measurements (Thermo Scientific
ESCALAB 250Xi). UPS spectra were obtained by using a VGS
Class150 electron analyzer and discharge lamp that emitted excitation
lines of He—I (21.2 eV). For the TPD measurement, hydrogenation
of Nd,ScSi, and La,YbGe, powders was performed at 200 °C under a
mixed gas flow of 10% H, and 90% Ar. Then, the hydrogenated
samples were heated from 50 to 800 °C at a rate of 10 °C/min while
the TCD signals were recorded. Ru content was evaluated via
inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Aglient 5110).

Ammonia Synthesis Performance Evaluation. The catalytic
performances were evaluated on a fixed bed reactor with a quartz tube
reactor (for activity evaluation at 0.1 MPa) or a stainless-steel reactor
(for activity evaluations at high pressures). In a typical run, 0.1 g of
catalyst was loaded in the reactor and a flow of 60 mL/min (N,:H, =
1:3) was introduced to the reactor. The produced NH; was trapped
with H,SO, and analyzed by ion chromatography. The reaction
activities were calculated based on the NH; produced in a certain time
interval. The activation energies were calculated based on the
Arrhenius equation.
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