N
N

N

HAL

open science

Layered Calcium Borohydride Polymorph via an Enhanced
Evolutionary Algorithm

Vladimir Baturin, Jean-Claude Crivello

» To cite this version:

Vladimir Baturin, Jean-Claude Crivello. Layered Calcium Borohydride Polymorph via an Enhanced Evo-
lutionary Algorithm. ACS Applied Energy Materials, 2025, 8 (4), pp.2158-2166. <10.1021/acsaem.4c02669).

¢hal-05008488)

HAL Id: hal-05008488
https://hal.science/hal-05008488v1

Submitted on 27 Mar 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.science/hal-05008488v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Layered Calcium Borohydride Polymorph via an

Enhanced Evolutionary Algorithm

Vladimir Baturin®' and Jean-Claude Crivello* 1+

T Université Paris Est Créteil, CNRS UMR 7182, ICMPE, F-94010 Créteil, France
TCNRS-Saint-Gobain-NIMS, IRL 3629, Laboratory for Innovative Key Materials and
Structures (LINK), 1-1 Namiki, 305-0044 Tsukuba, Japan

E-mail: vladimir.s.baturin@gmail.com; jean-claude.crivello@cnrs.fr

Abstract

Complex hydrides are attracting increasing attention as promising solid hydrogen
storage materials, yet theoretically exploring their chemical space is a challenging task
due to their often intricate structures. In this work, we present an improved evolution-
ary crystal structure prediction method tailored to systems with rigid building blocks,
enabling a reduction in search space dimensionality without losing relevant solutions
and significantly speeding up the search. The developed method was validated by suc-
cessfully reproducing the known structures of borohydrides and alanates of lithium,
sodium, and potassium, while also revising their vibrational and energetic properties.
Furthermore, this approach, together with in-depth phonon analysis, led to the pre-
diction of a new metastable P3cm phase of Ca(BH,),, only 1.5 meV/atom above the
known ground state. This phase exhibits a layered geometry unusual for complex hy-
drides, combining covalent, ionic, and van der Waals bonding, with the potential for

both chemical and physical hydrogen storage via intercalation.
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1 Introduction

One of the major challenges of the 21st century is the generation and utilisation of non-
polluting energy.! Hydrogen, with its high energy density and clean combustion products, is
an ideal energy carrier for applications such as mobile devices, transportation, and stationary
energy storage.? However, efficient and safe hydrogen storage remains a critical hurdle in the
development of a hydrogen-based economy.?3*

Among the various hydrogen storage methods, materials based on hydrides offer sig-
nificant advantages over traditional approaches such as tanks with compressed or cryogenic
liquid hydrogen.® They have played a pivotal role in advancing practical energy storage tech-
nologies, with nickel-metal hydride batteries being the most prominent example.® In metal
hydrides, MH, hydrogen is stored in atomic form within the interstitial sites of the crystal
lattice. These materials initially garnered significant attention due to their reversibility, rapid
kinetics near room temperature, and high volumetric hydrogen uptake, comparable to that of
liquid hydrogen. Recent research has focused on improving the hydrogenation properties of
these materials for dedicated applications such as superconductivity at ambient conditions.”
However, their low gravimetric hydrogen densities as compared to high-pressure tank sys-
tems have led to a shift in research interest toward other storage systems in the past decade,
e.g. carbon-based materials, metal-organic frameworks and promising complex-anion metal
hydrides.

These latter compounds have excellent gravimetric and volumetric capacities that outper-
form most other materials.® They are typically represented as M™",[TH,|"" . where M™*"

is a metal cation (alkali, alkaline earth, or transition metals) and [TH,|]"~ is a hydrogen-



containing anionic unit, with hydrogen atoms covalently bonded to the central atom 7', such
as aluminum, boron, or nitrogen. Therefore, the hydrogen in these structures is partially
charged and localized, contributing to the unique properties of these materials.”

One of the first families of complex hydrides to be extensively studied, due to its high
storage capacities, is the alanates which are based on aluminum, as the 7" element. In the late
90s, these materials gained significant attention due to their potential for reversible storage.
Contrary to the prevailing belief that complete anions were too strongly bound and thus hin-
dering the reversibility, Bogdanovic et al. demonstrated that hydrogen could be reversibly
extracted from alanates through a two-step reaction, enabled by doping the material with a
small amount (a few mol%) of titanium.!® Derived from aluminum hydride (AlH,), a cova-
lently bonded polymorph that is thermodynamically unstable at room temperature, complex
alanates exhibit greater stability. This is because the covalently bonded Al-H complex ex-
ists as an anion (e.g., AIH,”, AIH*") that is stabilized by a metal cation. Alanates can
exist in several main forms, notably tetrahydroaluminates, M™*[AlH, |,,, where aluminum
is tetrahedrally coordinated by hydrogen, and hexahydroaluminates, M*s,[AlHg*"],,, where
aluminum is octahedrally coordinated.!!

Among other families of complex hydrides, metal borohydrides, where boron and hy-
drogen form negatively charged BH, anions counterbalanced by metal cations, have been
extensively studied for their potential in hydrogen storage.'? The first homoleptic metal
borohydrides, Al(BH,),, Be(BH,),, and LiBH,, were discovered as early as 1940, although
the crystal structure of this latter or a more complex ones, such as Mg(BH,),, were only

13,14

resolved much later Recent advances have also highlighted the potential of complex

hydrides as solid-state electrolytes in batteries. 516
In the case of complexes of transition metal hydrides, the bonding flexibility with hy-
drogen introduces a variety of interesting functionalities. Several studies have demonstrated

the benefits of this flexibility, with particular focus on the role of electronegativity in ex-

plaining the diverse cohesion mechanisms observed in these hydrides.!” For a comprehensive



review of transition metal hydrides and their well-known structures, further reading is rec-
ommended.!'® Intense interest has developed in other low weight complex hydrides!® such
as amides [NH,] ,?® or amidoboranes.?! However, strong iono-covalent complexes, such as
boranes, are known to be stable and only decompose at elevated temperatures, yet they
still have other properties interesting for applications such as colossal barocaloric effects in
complex Li-B-H compounds.??

The discovery of new, more efficient hydrogen storage materials is a formidable challenge
due to the vast complexity of potential phases. Although experimental methods provided a
number of important results, they are often limited in scope and expensive when exploring
the broad landscape of possible compositions. Consequently, theoretical prediction methods
have gained prominence as a valuable alternative.

When a comprehensive database of materials with similar properties is available, high-
throughput combinatorial screening becomes the method of choice. Coupled with electronic
structure calculations to estimate the energies of sampled compounds,??® this approach
has proven to be a powerful tool for identifying stable atomic configurations within known
prototype phases.?*2" In the context of complex hydrides we note a comprehensive review
of structural mapping between homoleptic metal borohydrides and their structural proto-
types. 2

However, despite its efficiency, even when enhanced by supervised machine learning al-

2931 combinatorial screening is inherently limited to known structural prototypes,

gorithms,
making it less effective for discovering completely new phases. To push beyond these bound-
aries, evolutionary and generative methods offer a more promising approach for identifying
truly novel materials.

First, we mention the Prediction by Electrostatic Ground State (PEGS) search method,
which has been applied to produce ground-state structures for complex hydrides such as

NaAlH,, Mg(AlH,),, and the mixed-cation alanate K,LiAlHg.?* This approach leverages

two key observations: (i) The structures of complex metal hydrides are characterized by



an arrangement of positively charged cations (e.g. Na®) and negatively charged complex
anions (e.g. AlH, ), where strong covalent bonds within the anions can be treated as rigid
units. This reduces the number of free variables, thereby increasing search efficiency. (ii)
Interactions between cations and anions are dominated by electrostatics, modeled using a
simple Hamiltonian as a function of inverse distances. However, as illustrated below in our
study, the bonding pattern in complex hydrides often goes essentially beyond electrostatics
— a possible reason why some of the PEGS predictions® have no experimental backup.

Moreover, genetic algorithms have also been applied to search for new metal hydrides,
particularly in the field of superconducting hydrogen compounds. For example, this method
predicted hypothetical ternary hydrogen compounds, such as KScH,,, which features a
modulated hydrogen cage and exhibits a superconducting critical temperature of 122 K
at 300 GPa. Another example is GaAsHg, which was predicted to show superconductivity
at 98K under 180 GPa.3?

Nowadays, a rapidly evolving approach is the generative method based on statistical
learning, including neural networks. One example is the first generative adversarial network
applied to crystal structures, specifically metal hydrides, called CrystalGAN.3* However, it
was limited since no energy criterion was used as a validation method. Recently, denois-
ing or diffusion models became the state-of-the-art for images generation and now, using
graph neural networks as descriptors for crystals, they are being applied to materials dis-
covery. 3536 For example, score-based approaches on two separated networks (one for lattice,
one for atoms position) have demonstrated the ability to generate new stable structures.3"3
However, they are still limited when dealing with a large degree of freedom, such as the
number of non-equivalent sites or different elements.

Despite the drastic development of the ML-based generative methods of crystal struc-

3941 and swarm

ture prediction, currently among the most robust tools are the evolutionary
intelligence®? approaches. These methods are inspired by the natural processes, survival of

the fittest and collective foraging correspondingly. They allowed to discover a vast num-



bers of new materials, from new phases of already known compounds®?® to unexpected low-
dimensional materials** to a series of hydrogen-rich materials*® relevant to the hydrogen
storage field.

In this work we explore the chemical space of complex hydrides of M™*,[TH,]"~ for-
mula using the evolutionary algorithm based on the USPEX code® that we improve to
efficiently target these materials. Namely, we harness the fact that 7" and H atoms almost
certainly form rigid structural motifs (BH, tetrahedra etc.). Using them as structural units
effectively reduces the search space dimensionality thus accelerating the search and permits
accessing larger systems. The latter is important since many complex hydrides are notori-
ous for their structural complexity. The paper is organized as follows: first, we explain the
computational context and show the new developments to the evolutionary algorithm, then
we move on to the validation part, where we reproduce the known borohydrides MBH, and
alanates M AlIH, of three first alkali metals M, providing also the analysis of their enthalpy
of formation with vibrational contribution taken into account. Finally, we apply our method
to Ca(BH,), and demonstrate that along with a well-known F'ddd ground state, there is a
new metastable phase which is only 1.5 meV /atom higher in energy and has an unexpected

layered morphology.

2 Computational methods

2.1 Crystal structure prediction

The evolutionary Crystal Structure Prediction (CSP) was conducted using the USPEX

code, 39,40,46,47

where we upgraded the module responsible for handling complex building
blocks (specifically, complex anions). These refinements are discussed in detail in the Re-
sults section. Otherwise the evolutionary search followed standard routines, starting with

the creation of the initial generation: 250 trial structures constructed using random sym-

metry and random topology*®-based methods. Then the structures are locally optimized at



the DFT level and the final energy is used to evaluate the fitness of structures (see below).
Subsequent generations, each containing 100-150 structures, were partially derived from the
parent generation through crossover and mutation operators, and partially consisted of yet
again randomly generated candidates to balance exploration and exploitation. As with the
initial generation, each structure is evaluated through DFT relaxation to minimize the resid-
ual forces. The search was considered converged if no new best structures emerged over 20

consecutive generations. Typically, finding the best structure required 10-50 generations.

2.2 First principle calculations

Various configurations of first-principles calculations were utilized in our research, all by
means of DFT using Vienna Ab Initio Simulation Package®5° (VASP). During the CSP, each
candidate structure underwent a four-step local geometry optimization as follows. Step 1:
ionic positions optimization with a fixed cell, step 2: volume optimization with fixed shape
and fractional ionic coordinates, step 3: cell shape optimization and, finally, step 4: full re-
laxation. For step 4, we used Perdew-Burke-Ernzerhof®! (PBE) gradient-corrected exchange
and correlation functional, a plane wave basis set with an energy cutoff of 600eV and a
I-centered Monkhorst-Pack k-mesh®? with a resolution of k-points of 0.03x27/A in each
direction. The Self-Consistent Field (SCF) electronic cycle and geometry optimization were
performed until the difference of electronic energy AFscr and maximum force acting on
atom Fp., were below 107%eV and 107°eV/ A correspondingly. These settings are rather
loose since the CSP screens thousands of structures. For the final refinement and subsequent
phonon calculations we selected 10 best geometries for each composition and performed the
high-accuracy relaxation with 750 eV energy cutoff, twice denser k-point mesh (verified by
convergence tests), and using the rev-vdW-DF2 non-local van-der-Waals approach,® re-
cently suggested® as most suitable for layered structures, which were found in abundance
during the evolutionary search. The A FEgcp and F.y were lowered to 107° eV and 10~% eV /A

correspondingly. The phonon dispersion curves and zero point energy (ZPE) were calculated



using Phonopy software®°¢ coupled with VASP (same DFT settings as for the fine relax-
ation). Finally, to calculate electronic band structure, the HSE0657 hybrid functional was

utilized. Bader charges were estimated using Henkelman group’s algorithm.®®

3 Results and discussion

3.1 Guided evolutionary CSP

The computational search for new materials requires finding the global optimum (GO) of a
fitness function F' over atomic configuration space. For optimizing stability, F' is typically
energy, enthalpy, or another thermodynamic function. Success in finding the GO depends on
the algorithm’s quality (@Q)) and the search space dimensionality d. This can be conceptually
expressed by the time required to find the GO: Tgo ~ Qexp (A(Q) - d), where \(Q) is a
function of ). While much effort is put into improving algorithm efficiency, reducing d
must be done carefully to avoid missing any important solutions. In a way, the art of
efficient search is to perfectly set up the constraints based on all available information about
the sought solution. In complex hydrides M™*,[TH,|"~, . such a reduction is possible by
considering anions TH, as rigid units. Hence, instead of optimizing = + 1 independent atoms
(i.e. 3(x + 1) spatial variables), one needs to optimize the position of the anion as a whole
(6 variables: position of the center and orientation).

In this work, the main tool for exploring the chemical space of complex hydrides is the
Evolutionary Algorithm (EA) USPEX. The algorithm converges to the optimal solution by:
(1) Creating an initial random set of structures (first generation); (2) Evaluating them by
performing local optimization using third-party codes; (3) Discarding a certain percentage of
the worst structures and using the remaining “individuals” as parents; (4) Creating the new
generation by applying variational operators, such as cross-over (heredity) and mutations.
This process repeats until the convergence criteria are met.

Besides being well-established for its efficiency in finding optimal positions of atoms,



USPEX has the functionality of using complex molecular units as building blocks.*” Not
only does it build trial structures from complex units, but it also monitors their integrity,
which can be disrupted during relaxation or by the application of variational operators.
Such control reduces wasted computational time and prevents convergence to more stable
structures where the structural units are dismantled, a situation common in metastable
organic crystals.

We have reviewed and improved this monitoring process. First, we implemented auto-
matic generation and tracking of bond graphs within blocks, which helps to filter out struc-
tures that become heavily deformed during relaxation. Secondly, we identified and fixed the
following rather hidden issue. The crossover operator slices parent structures and combines
slabs from different parents to form an offspring. To prevent cutting through a building
block, USPEX checks the position of the block’s center of mass relative to the cutting plane
and either includes the entire block or excludes it completely (Figure 1a), regardless of the
positions of constituent atoms. The important point here is that this determination is done
in Cartesian coordinates. If, during relaxation, an atom of the block crosses the unit cell
boundary, it is replaced by its periodic image within (“wrapped into”) the cell. While this
doesn’t change the system physically, it destroys the unit’s integrity in Cartesian coordi-
nates, leading to malfunction of the crossover operator. We detect and fix such situations
through a process we call “dewrapping” (Figure 1b).

In previous USPEX versions, this problem was addressed by subtracting the rounded
values from fractional coordinates, e.g. toggling a wrapped 0.95 fractional coordinate back
to 0.95 —round(0.95) = —0.05, which often worked, but failed when the size of the structural
unit was comparable to the cell dimension. This is the case with the alanate anion AlH,"
considered in this work. We developed a more reliable procedure that scans all distances in
Cartesian space and, when a change is detected, checks all nearest periodic images to restore

the initial distances within a given error threshold.
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3.2 Validation of Guided CSP

To ensure the workflow yields accurate results, we conducted an evolutionary search to
reproduce stable structures of known borohydrides and alanates of first three alkali elements
in the form of MTH,, where M = {Li, Na, K} and T"= {B, Al} with metal cation and TH,
anions used as building blocks as described above.

As noted in the computational technique section, the DFT parameters used during the
CSP search offer moderate precision, leaving the true global minimum within ~ 10 meV /atom
above the CSP solution. To address this, we reoptimised all pertinent candidate structures
within this range using high-precision parameters. Additionally, we performed a phonon
study of the most promising structures to refine their corrected enthalpy of formation (by
adding the corresponding ZPE correction) and to verify their dynamical stability.

For all six target M'T'H, compounds, we identified either the previously known global op-
timum or one of several known nearly degenerate low-energy phases. It took a few thousand
EA candidates to find a solution for each MTH, formula. Resulting structures are presented

in Fig. 2 and their structural parameters can be found in Table 1.

4_

BH

AlHs™

Figure 2: Reproduced structures for borohydrides and alanates of three first alkali metals.
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Table 1: Space group (SG); cell parameters (cf. frame in Figure 2): lengths (a, b, ¢, in A)
and angles (o, 3, 7, in 1°); volume per formula unit (Vz,, A®) for borohydrides and alanates
of Li, Na and K.

Formula | LiBH, | NaBH, | KBH, | LiAlH, | NaAlH, | KAIH,
SG Pnma P4y /nme| Pds/nme| Pnc2 141 /a Pnma
a 4.38 4.36 4.75 5.10 5.00 5.81
b 6.50 4.36 4.75 4.74 5.00 7.38
c 7.48 5.89 6.68 4.21 6.59 8.91
o 90.00 90.00 90.00 90.00 112.29 90.00
B 90.00 90.00 90.00 90.00 112.29 90.00
v 90.00 90.00 90.00 90.00 90.00 90.00
Vi 106.49 55.97 75.60 50.97 69.61 95.62

The electronic band structures of these materials are not discussed in this paper since
they have been extensively described in previous works: 23960 in all cases the 7- and H
orbitals overlap in the valence band which indicate the covalent bonding within the [TH,|~
anion, while its interaction with M™ cation is ionic. The latter can be illustrated from
Bader analysis, which we carried out for LiBH,, showing that the Li* and BH,~ have abso-
lute charges of 0.89|e|. The degeneracy of the polymorphs, discovered by our approach for
the same chemical target, can be explained by their phonon spectra and the corresponding
Density of States (DOS). A typical example is LiBH,, shown in Figure 3a. Three distinct
bands are observed: the two higher bands correspond to intramolecular bending and stretch-
ing vibrations of the BH, complex, while the lower band consists of soft inter-ionic modes,
resulting in a smooth potential energy surface and many shallow low-energy minima.

This behavior is observed in all of the considered compounds, except for a peculiar
case: the Pnc2 phase of LiAlH,. Building the initial structures from AlH, tetrahedra, the
evolutionary search ended up with a solution containing hydrogen sharing AlH, octahedra, a
previously known high-density v-LiAlH, polymorph.®! The increased connectivity is reflected
in the broader phonon bands (Figure 3b). This transformation occurred because our method
permits controlled deformations of structural units, specifically allowing up to a 10% relative

variation in interatomic distances during relaxation stages, thus demonstrating how the
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Figure 3: Phonon dispersion curves and density of phononic states of (a) LiBH, in Pnma:
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(b) LiAlH, in Pnc2. Brillouin zone and high-symmetry paths, common for both structures
are shown within the first panel. Projected DOS subpanels contain characteristic structural
motifs responsible for corresponding bands.
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flexibility of the approach enables the efficient discovery of improved configurations that
might be overlooked when strictly rigid building blocks are used. The ability to understand
and track these structural transformations is what makes our method transparent — a feature
often lacking in neural network-based prediction methods.

Using the obtained data we also provide the energies of formation at 0K, with and
without the ZPE correction. The values are calculated with respect to pure substances, the
bee structures of Li, Na and K, a-phase of boron, fcc-Al and H, gas. The Table 2 sums up

the results alongside the available experimental data.

Table 2: Energies of formation at 0K without (A;HPpp(0K)) and with (AfHRpry zpr(0K))
ZPE, value of ZPE correction dzpg, experimental value at 298 K if available, kJ/mol.

Compound ArHYpr(0K) | dzpp | AfHPprzpp(0K) Exp.
LiBH,-Pnma -196.43 40.10 -156.3 -194.46%2
NaBH,-P4,/nmc -189.58 38.47 -151.11 -191.8462
KBH,- P45 /nmc -230.51 37.17 -193.33 -228.86%
LiAlH,-Pnc2 -92.56 28.01 -64.55 -117.15%2
LiAlH,-P12,/cl -85.19 22.98 -62.21 —
NaAlH,-14,/a -79.29 22.11 -57.18 -112.97%3
KAIH,-Pnma -116.30 17.48 -98.82 -166.5293
NaBH4 - __
é.LiAIH4°- .
O, : I
S LiAIH4t T 5
NaAlH47 AHSer 4 zpe —

KAIH4 - B Ozpe

50

11

T T T T
-200 -150 -100 -50
Energy (kJ/mol)

Figure 4: ZPE effect on formation enthalpy. LiAlH4° LiAlH4' stand for octahedra and
tetrahedra-based polymorphs (Pnc2 and P12 /cl correspondingly).

The corresponding values are shown in Figure 4. Notably, the uncorrected values show
better agreement with measured data than those corrected with ZPE. This phenomenon was

observed before, and the reason of it remains unclear.%%% It is important to keep in mind that
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our methodology relies on the harmonic approximation, neglecting anharmonic contributions.
Nonetheless, the ZPE contribution remains significant, as vibrational effects destabilize the
system (with a sign opposite to chemical energy), accounting for approximately 20% of
the formation enthalpy value (as observed for LiBH4). We also included the values for a
low energy P12;/cl polymorph of LiAlH, with separate tetrahedral AIH, complexes. This
structure has a reduced dzpg consistent with its less connected loose structure compared to
the octahedral network in Pnc2 polymorph. The corresponding dispersion curves can be

found in Table S1 in Supporting Information (SI).

3.3 Novel layered polymorph of Ca(BH,),

The main result of this study was obtained as a logical continuation of the validation pro-
cedure. Unlike the structures considered above with 12-24 atoms, the borohydrides and
alanates of alkaline earth metals have much more complicated structures (88 and 132 atoms
in primitive cells of borohydrides of Be and Mg respectivly), and reproducing these structures
would make a computationally very costly study on its own. Putting these two challenging
compounds aside, we launched the evolutionary search of the Ca(BH,), structure. As be-
fore, the objective was to reproduce the previously known ground state, or, in this case, the
a-phase. However, identifying a suitable reference proved challenging, as multiple competing
structural models have been proposed over the years. Early work by Miwa et al.,% based
on X-ray diffraction (XRD) and ab initio studies, suggested an F'ddd symmetry. Later, Fil-
inchuk et al.,'* using advanced in situ synchrotron measurements, put forward the F2dd
space group and identified a high-temperature o/-phase with 742d symmetry, a supergroup
of F2dd. Soon afterward, Majzoub et al.®® combined XRD and ab initio calculations involv-
ing phonons study to find that at 0 K the Fddd, F2dd, and newly proposed C2/c structure
(also denoted as a-phase) are essentially isoenergetic. This structural diversity can be ex-
plained by the sensitivity of the material to synthesis conditions.%® Yet we note that, despite

these variations, all proposed a-phases share the same fundamental structural motif: parallel

15



Ca-sharing layers composed of [=(CaBH,),=| ribbons, with the ribbons in adjacent layers
oriented nearly perpendicularly (see Figure 5A). Differences among the proposed structures
lie mainly in the relative orientations of BH, tetrahedra and subtle unit-cell distortions,
but this underlying motif holds the same. It is precisely this common structural backbone
that we aimed to recapture with our predictive approach. The corresponding orthorombic
structure with Fddd symmetry and cell parameters of 8.75 x 13.13 x 7.50 A was found after
about 20 generations, totaling to 3000 candidate structures proposed and screened by the
USPEX. Figure 5 shows the ground state together with metastable polymorphs proposed by

the evolutionary algorithm within the 10 meV range above the solution.

AH,PFT/(meV/atom) & #
9.30 4 /X ¢

| WTET Aok
f BH47Ca.;BH4.... x%x%

0.00 -

Figure 5: Optimum Ca(BH,), structure and its polymorphs within 10 meV /atom above it as
obtained from the global optimization. A: previously known a-phase: an arrangement valid
for all suggested symmetries and an F'ddd variant found in our evolutionary search; B: New
phase of trigonal layers; C: Underrelaxed version of B; D: Layered phase containing motifs
of Fddd; E: P1 structure, slightly denser than F'ddd. Enthalpies of formation are shifted by
that of F'ddd phase equal to -356 meV /atom (in DFT setting used in USPEX).
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Among higher lying trial solutions we also found various distorted versions of 5-Ca(BH,),
phase. It is important to note here that the method is not aimed to identify all low-energy
metastable phases, but is designed to find the global minimum. Nevertheless, to our surprise,
the search revealed a variety of low-energy structures having layered arrangement. The most
stable among them (Figure 5B) is remarkably only 1.66 meV /atom higher than the ground
state, according to moderate-precision DFT procedure for CSP. Two other 2d structures
are: C, an underrelaxed version of B, and D, a more complex bilayered polymorph, which
combines the two-dimensional morphology with reticular topology inherent to borohydrides
of alkaline earth metals (one can see the motifs resembling the F'ddd structure). The next
refinement step with increased DFT accuracy and inclusion of advanced dispersion correc-
tion confirmed that the lowest metastable polymorph indeed consists of layers, similar to
structure B, but the sheets are stacked without shifting and are separated by 2.5 A-thick
layer of vacuum (Figure 6). The space group of the structure is P3m1. The motif can be
described as follows: the BH, anions form a nearly octahedral coordination of the Ca,"
cations with a face of octahedra parallel to the layer plane. All six anion tetrahedra point
towards the layer plane. These motifs arrange into layers through triangular tiling. The
obtained layered structure is unprecedented in homoleptical complex hydrides but has been

identified in an anion-ordered iodine-substituted compound, Ca(BH4)1,4OIOI60.67

Figure 6: Layered polymorph of Ca(BH,),: top, side and coordinational polyhedra views.

To assess the dynamic stability of this phase, we computed the phonon spectrum and
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found imaginary vibration modes along the I' — A segment (Figure 7, left panel). Given
the small magnitude of these imaginary frequencies, these modes are “soft”, i.e. the corre-
sponding motion implies low change in energy. With this in mind, we explored various layer
stacking arrangements, but consistently observed imaginary frequencies in each configuration

(See SI, Table S2).
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Figure 7: Analysis of dynamic stability of layered structure: imaginary modes related to
twisting vibrations of BH, tetrahedra (left panel) lead to an idea of stabilisation by dis-
torting the structure along the mode with highest absolute value (antiphase twisting). The
resulting structure with doubled unit cell is indeed dynamically stable (right panel).

Consequently, we decided to directly examine the collective motion associated with these
imaginary modes. It turned out to be a twisting of tetrahedral motifs, in-phase within a
layer, and having a interlayer phase difference in adjacent layers from 0 (I-point in the
Brillouin zone) to 7 (point A, see the circle inset in Figure 7). Since an imaginary frequency
in the equilibrium structure indicates a saddle point, we hypothesized that displacing or
modulating the structure in this direction might lead it to a lower, true local minimum. This
hypothesis was confirmed: by following this path, the corresponding structure indeed relaxed
into a more stable configuration with no imaginary frequencies. The new geometry has the
tetrahedra in adjacent layers BH, twisted by 20° around a normal to the layers (Figure 7,
right panel). Due to the doubling of period the symmetry of structure was lowered to P3cl.
The enthalpy of formation with the ZPE correction is -281.2 meV /atom, or -149 kJ/mol BH,.
As a reference, the corresponding value for F'ddd phase AyH(0K) = —282.7meV /atom or

-150kJ /mol BH4, which agrees with previous studies. %
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Figure 8: Electronic bands dispersion curves and integrated density of states of Ca(BH,),
in the layered P3cl compared to the known Fddd phase.

To better understand the new phase, particularly its bonding pattern, we calculated its
electronic dispersion curves (using the HSE06 hybrid functional with rev-vdW-DF2 disper-
sion correction), Bader charges, and exfoliation energy. As shown in Figure 8, the layered
candidate is an indirect insulator with a band gap of 7.22eV which is larger than 6.57eV
direct gap in F'ddd. The projected DOS reveals significant overlap between the B and H
orbitals in the valence band, indicating predominantly covalent bonding within the anions,
likely due to the o-coupling of hydrogen’s s-orbitals with the sp3-hybridized orbitals of boron.
However, Bader charges of +1.95|e| for B and -0.68|e| for H suggest a potentially mixed ionic-
covalent character, a point that’s debated in earlier literature.®® The interaction between the
anions and Ca cations, on the other hand, is clearly ionic, as we observe no orbital overlap,
and the Bader charges on Ca are +1.55]e|. The exfoliation energy, calculated as the energy
difference between a per-layer energy of the phase and that of an isolated single layer, was
determined using a supercell approach. The layers were separated by 20 A of vacuum to
avoid interaction between periodic images. The resulting exfoliation energy is -190 meV per

formula unit, or -11.5meV/ A2, which is about three times lower than that of graphite.
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4 Conclusions

We applied an evolutionary approach to explore the chemical space of complex hydrides
M™*,[TH,]"", , optimizing the crystal structure composed of discrete blocks—specifically
complex anions—rather than individual atoms. While this mode had been introduced be-
fore,%” it required several key refinements to function effectively for such systems. After
implementing these improvements, the method was validated and has been shown to re-
liably predict crystal structures from given building blocks, providing a powerful tool for
exploring complex hydrides in the context of hydrogen storage applications. During the
validation of the methodology, the known borohydrides and alanates of three first alkali
metals were reproduced and their energies of formation revisited with vibrational contribu-
tions taken into account. The new method, assisted by in-depth phonons study allowed to
predict the new unexpected low-energy metastable phase of Ca(BH,), with a layered ge-
ometry of P3cl space group, only 1.5meV /atom higher than the known Fddd structure.
The new material has a three-tiered bonding scheme. At the first level, the complex BH,
anions are formed through strong covalent bonds, providing a means of chemically storing
hydrogen within the structure. At the second level, these anionic complexes interact with
calcium cations via ionic bonding, resulting in stable two-dimensional layers. Finally, at the
third level, the layers are held together by weak van der Waals forces, allowing for flexibility
between them. This opens up the possibility not only for chemical hydrogen storage via
the BH, anions but also for hydrogen absorption between the layers. While the material’s
potential for intercalation-based hydrogen storage requires further study, this combination
of chemical and possible physical absorption mechanisms makes it a promising candidate
for hydrogen storage applications, with potential relevance for energy technologies where re-
versible gas absorption and release are essential. As other layered materials, the new phase
is worth studying in many other aspects related to its optical properties, possible battery

applications, etc.
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