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Preface

This Reprint, “Development of Boron-Based Materials”, reflects the rapid growth and
diversification that has occurred in boron research. The present collection aims to provide a unified
view of how boron’s structural versatility translates into practical applications in materials science
and technology. By gathering high-quality contributions from international experts, the Reprint
addresses both the fundamental understanding and the technological potential of boron-rich systems.
Topics range from nanostructured borophenes and borometallic clusters to boron-based composites,
glasses, and carbides. The Reprint is addressed to researchers and graduate students in chemistry,
physics, and engineering who seek a broad and up-to-date overview of boron materials science. We

hope that it will inspire further advances in this fascinating field.

Nevill Gonzalez Szwacki
Guest Editor
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Development of Boron-Based Materials

Nevill Gonzalez Szwacki

Faculty of Physics, University of Warsaw, Pasteura 5, 02093 Warsaw, Poland; gonz@fuw.edu.pl;
Tel.: +48-22-55-32-797

The field of boron-based materials has undergone a significant transformation in recent
decades, propelled by the unique chemistry of boron and its ability to form complex, multi-
dimensional structures with exceptional physical, chemical, and electronic properties. With
its electron deficiency and strong covalent bonding tendencies, boron forms a vast range
of clusters, layers, and networks that do not find parallels among most other elements [1].
This Special Issue, entitled “Development of Boron-Based Materials”, brings together nine
original research and review articles that collectively reflect the rapid expansion and diver-
sification of the science of boron materials. These contributions represent a cross-section of
the state-of-the-art approaches to synthesizing, characterizing, and theoretically modeling
boron-rich compounds and composites with potential applications in electronics, energy
storage, radiation shielding, catalysis, and biomedical science.

There are a range of motivations for investigating boron-based materials. For one,
the light weight and abundance of boron make it attractive for sustainable applications.
Furthermore, its structural versatility and ability to host metallic, semiconducting, insulat-
ing, and superconducting phases ensure a broad platform for technological innovations.
From bulk ceramics and metallic borides to low-dimensional nanostructures and glasses,
boron-containing systems demonstrate high hardness, chemical inertness, tunable band
gaps, and exceptional thermal stability. These features, in turn, enable potential applica-
tions in armor systems, solid-state batteries, thermoelectrics, high-temperature electronics,
and even quantum materials. Furthermore, current advances in computational modeling
allow us to predict and screen novel boron configurations with a degree of precision that
complements experimental synthesis and characterization.

Several contributions in this Special Issue focus on low-dimensional and nanoscale
boron-based systems, which are at the forefront of condensed matter physics and material
engineering. Arias-Camacho and Gonzalez Szwacki [2] present a computational study on
the structural, electronic, magnetic, and transport properties of two-dimensional transition
metal monoborides—specifically Cr, Fe, and Zr-based MBenes. These monolayer materials
are theoretically stable in orthorhombic and hexagonal symmetries and display metallic
behavior. Interestingly, significant magnetic moments in some of these configurations point
to their potential utility as 2D magnets. Further extending the frontiers of two-dimensional
boron science, Zhong et al. [3] investigate bilayer borophene, demonstrating a unique
coexistence of superhard mechanical properties and tunable superconducting behavior.
Their theoretical analysis shows that bilayer-d¢ borophene has a very high Young’s modulus
and can reach a superconducting transition temperature up to 46 K under strain. These
characteristics place it among the most promising 2D materials for mechanical and quantum
applications. Yin et al. [4] contribute an experimental study on hydrogen boride (HB) sheets,
focusing on the adsorption of atomic hydrogen. Using photoelectron spectroscopy, the
authors identify chemical transformations at the boron surface, indicative of potential use
in hydrogen storage and sensor technologies. These HB sheets are especially notable for
their aqueous stability and functional surface chemistry. Perveen and Gonzalez Szwacki [5]

Materials 2025, 18, 2247 https://doi.org/10.3390/mal8102247
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explore the properties of borometallic molecular wheel clusters, where transition metal
atoms are embedded in planar or drum-like boron ring structures. These clusters, predicted
via first-principles calculations, are shown to be electronically stable and possess nontrivial
magnetic properties. Their tunability suggests they may serve as fundamental units in
future nanoscale spintronic devices.

Beyond low-dimensional systems, this Special Issue features studies that examine bulk
boron-rich compounds for use in harsh environments. Iwan et al. [6] report the synthesis of
a boron-rich boron carbide compound, B4 55C, via spark plasma sintering. Characterized by
high hardness, thermal oxidation resistance, and neutron absorption capability, this material
is suitable for high-temperature structural applications in aerospace and nuclear systems.
In a more fundamental investigation, Werheit [7] explores the nature of phase transitions in
boron carbide. His study identifies temperature- and pressure-induced transitions closely
tied to subtle shifts in bonding and structural defects. These transformations are critical
for understanding the anomalous electronic and thermal transport behaviors observed in
boron-rich carbides. This Special Issue also explores functional boron-containing networks
rooted in cluster and glass chemistry. Avdeeva et al. [8] provide a comprehensive review on
the use of boron cluster anions and carboranes to generate advanced materials such as boron
carbide, boron nitride, and metal borides. Their utility in protective coatings, composites,
and neutron shielding materials is emphasized, showing the synthetic versatility of boron-
rich precursors.

The protective capabilities of boron-based materials are well represented by the work
of Avcioglu and Avcioglu [9], who evaluate transition metal borides as candidates for all-
in-one radiation shielding. Using advanced simulation tools, they analyze gamma ray and
neutron attenuation efficiencies. Compounds such as ReB, and SmBg are found to exceed
the shielding performance of traditional lead-based materials, offering a more sustainable
and less toxic alternative for shielding technologies in nuclear and aerospace contexts.

Finally, Kettlewell and Boyd [10] address the challenges of predicting structure-property
relationships in oxyhalide borate glasses. These glasses, which operate in the complex
“borate anomaly” regime, are modeled using a statistical design of mixtures methodology.
Their study provides predictive frameworks for tuning degradation, ion release, and
thermal stability—key features for biomedical and optoelectronic applications.

Altogether, the nine papers in this Special Issue offer a panoramic view of the current
research landscape in boron-based materials. This collection demonstrates the diversity and
depth of modern boron science, from the atomistic design of new 2D structures and bulk
ceramics to the development of bioactive glasses and multifunctional composites. It high-
lights the synergies between theory and experiment, between chemistry and engineering,
and between fundamental insights and applied objectives.

Acknowledgments: As Guest Editor, I sincerely thank all authors, reviewers, and editorial staff
for their contributions to this Special Issue. I am confident that this compilation will serve as a
reference point and inspiration for researchers exploring the infinite opportunities within boron-
based materials.
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Exploring the Structural, Electronic, Magnetic, and Transport
Properties of 2D Cr, Fe, and Zr Monoborides

Isabel M. Arias-Camacho and Nevill Gonzalez Szwacki *

Faculty of Physics, University of Warsaw, Pasteura 5, PL-02093 Warsaw, Poland; isabel.arias@fuw.edu.pl
* Correspondence: gonz@fuw.edu.pl; Tel.: +48-22-55-32-797

Abstract: Compared to other 2D materials, MBenes are at an early stage of investigation in terms of
both experimental and theoretical approaches. However, their wide range of possible 2D structures
leads to novel and challenging properties and consequent applications. From all the possible stoi-
chiometries, we performed a theoretical study of orthorhombic and hexagonal M;B, MBenes within
the framework of density functional theory. We found that both symmetries of CryB;, Fe;By, and
ZryB; show metallic behavior and could be grown under certain conditions as they were demon-
strated to be dynamically stable. Moreover, the values of the magnetic moment observed, in specific
ferromagnetic cases exceeding 2.5 jig/MB,, make them suitable as robust 2D magnets. Our find-
ings represent an important step in the understanding of MBenes and open several windows to
future research in fields like energy conversion and storage, sensing, catalysis, biochemistry, and
nanotechnology, among others.

Keywords: transition metal borides; MBenes; energy conversion and storage; 2D magnets

1. Introduction

Transition metal borides (MBs) can be regarded as new efficient earth-abundant
materials for energy storage/conversion systems, including metal-ion batteries, metal-
air batteries, capacitors, oxygen evolution reactions (OERs), and other electrochemical
fields [1]. Single-crystalline ternary transition metal borides (MAB phases, where M are
transition metals, A are p-block elements, and B is boron) were first reported in 2015 by
Ade and Hillebrecht and recently gained attention as promising layered materials [2]. Their
two-dimensional counterparts (MBenes) can be obtained from the chemical exfoliation of
the MAB phases. It is noted that MBenes possess different stoichiometries and variable
modes of 2D layer sandwiching compared to the corresponding MXenes [3].

The MAB phases with M and B with one-to-one stoichiometry are orthorhombic and
hexagonal crystals with the chemical formulae of MAB and MyAB; [3]. Experimentally,
orthorhombic MAIB (M = Mo and W), MyAlIB, (M = Cr, Mn, and Fe), and hexagonal
TipInB, [4] have already been synthesized. The MAB phases are promising candidates
for obtaining new 2D MBenes. A 2D MoB was reported to have been obtained by the
partial etching of Mo, AlB, phases through the deintercalation of Al layers from the ordered
stacking faults region [5,6]. Selectively HCl-etching Al layers from Cr, AlB, yielded bulk-
layered CrB nanosheets [7,8]. Removal of the indium layer through the high-temperature
dealloying of Ti;InB, yielded a bulk-layered TiB structure [4]. To date, however, the
synthesis of individual single-layer MBenes has not been realized.

The present work concerns computational studies of the structural, energetic, elec-
tronic, and transport properties of selected MBene compounds with M = Cr, Fe, and Zr.
Some of the investigated 2D structures have been proven to be stable in previous studies [9].
The studied MBenes present either an orthorhombic structure (ortho-MBenes) with Pmima
(no. 51) space group symmetry or a hexagonal structure (hex-MBenes) with P6/mmm
(no. 191) space group symmetry. In the Pmma structures, each atom is surrounded by

Materials 2023, 16, 5104. https:/ /doi.org/10.3390/mal6145104 4 https://www.mdpi.com/journal /materials
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six neighbors, and the buckled bilayers are sandwiched between transition metal (TM)
layers. On the other hand, in the P6/mmm structures, the honeycomb-type boron layer is
sandwiched between two TM layers on both sides, and every TM atom is located above or
below the centroid of the honeycomb structure.

The bulk counterparts of our metal monoboride nanosheets are the ferromagnetic «
and B modifications of FeB and the nonmagnetic CrB and ZrB compounds, all widely stud-
ied, both experimentally and theoretically [10-12]. The structure of x-FeB is debatable [12],
whereas S-FeB and CrB are orthorhombic crystals with Pnma (no. 62) and Cmcm (no. 63)
space group symmetries, respectively. The ZrB solid is rock-salt-structured and crystallizes
in a cubic Fm3m (no. 225) space group symmetry. The -FeB and CrB solids exhibit very
interesting structures since both enclose boron double-chain (BDC) stripes which are very
common motifs of all-boron nanostructures [13,14].

The purpose of this work is to understand the origin of the physical properties of
MBene (M = Cr, Fe, and Zr) compounds, as well as to identify features that may affect the
transport properties of these compounds.

2. Computational Approach

First-principles spin-polarized calculations were performed within the framework of
density functional theory (DFT) within the generalized gradient corrected approximation of
Perdew-Burke-Ernzerhof (PBE) [15] for the exchange-correlation functional, using projec-
tor plane-wave (PAW) pseudopotentials [16] as implemented in the Quantum ESPRESSO
(QE) suite of codes [17]. Every unit cell consists of two atoms of boron and two atoms of
the TM. To avoid interactions between adjacent MBenes, we considered an empty space of
thickness 15 A along the normal direction. Optimized geometries were reached allowing
the unit cell shape, volume, and the ions to relax until the residual forces on the atoms
were less than 0.3 meV/A and the total energy (Ey) convergence was set to 105 Ry. We
expanded the electronic wave functions and charge density in plane-wave basis sets with
an energy cutoff of 70 and 700 Ry, respectively, while the I'-centered k-point grid in the
Brillouin zone, in the Monkhorst—Pack scheme, was set to 12 x 12 x 1 for the geometry
optimization and 24 x 24 x 1 for the DOS calculations, with Gaussian smearing of 0.02 Ry;
these values ensure the accuracy of E;y. All the structures were considered to be initially
spin-polarized and, in order to determine the magnetic ground states of each, we calcu-
lated two magnetic configurations—one ferromagnetic (FM) and one antiferromagnetic
(AFM)—to reach the most energetically favorable.

For the structural characterization of the studied systems, an important descriptor we
use is the cohesive energy per atom (E,,;); that is, the difference in energy between E;. of
the compound and the sum of the total energies of the isolated atoms,

Econ = (E[M2By] — ngE[B] — myE[M])/ (np + nwm), 1)

which means the released energy when a compound dissociates into isolated free atoms,
where M represents the TM atom, E[M;B;] is the E¢ of the MBene, E[B] and E[M] are the
total energies of the isolated atoms (B and TM atoms), and ng and 1y are the numbers of
boron and TM atoms per unit cell, respectively, directly obtained from the spin-polarized
calculations. The phonon-dispersion curves were obtained by means of density functional
perturbation theory (DFPT), calculating the dynamical matrices in the linear response
approach on a g-point grid of 4 x 4 x 1. The transport integrals were computed using
Boltzmann transport theory and a constant scattering rate model [18]. The charge transfer
was obtained by Bader analysis [19] and all the visualizations were performed using the
Visualization for Electronic and STructural Analysis (VESTA) software [20].

3. Results and Discussion
3.1. Structure and Stability

Since boron is electron deficient, it is expected that a mixture with TM atoms will lead
to stable structures. As mentioned above, among all the possible MBenes, we focused on
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those which possess either orthorhombic or hexagonal M;B, structures, which are shown in
Figure 1. After a full structural optimization, we found that the unit cells of ortho-MBenes
became almost rectangular with a > b when the TM was Fe or Cr (a/b is 1.005 and 1.013
for chromium and iron, respectively), whereas a < b for ortho-Zr;B, (a/b = 0.94). All the
cell parameters are described in Table 1 and compared with other literature reports.
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Figure 1. Side (left) and top (right) views of the (a) ortho-MBene and (b) hex-MBene structures of
M;B; corresponding to Pmma and P6/mmm symmetries, respectively. The unit cells used in the
calculations are shown in red.

The E_,;, and phonon dispersion curves are good indicators of the bond strength and
dynamical stability of the materials. The dynamical matrix gives us the frequency w(q)
whose square is negative when there exist instabilities for a particular phonon mode with
q (imaginary frequencies), which means that this mode does not generate the restoring
force needed by the lattice vibrations and could take the structure away from the original
configuration. The results of our calculations are summarized in Table 2 and in Figure 2.

Table 1. Lattice parameters (a and b), boron-boron distance (dp_g), TM-boron distance (dy;_g), and
thickness of the 2D structure (t) for Cr;B;, Fe;By, and ZryB,. The dp_p, dy\j-p, and t parameters are
defined in Figure 1. All the values are in Angstroms (A) and, for comparison purposes, the data in
brackets are taken from the literature.

Cl‘sz Fe232 ZI'2BZ
Pmma P6/mmm Pmma P6/mmm Pmma P6/mmm
2.885 2.919 2.823 2913 3.084 3.159
1
a (2.860 %) (2.9211) (2.800 %) ” (3.144 2)
5 > 5 (3.077%) (3.160 <)
(2.930°) (2.926 <) (2.770°°) (3.134 3)
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Table 1. Cont.

Cr,B, Fe;B, Zr;B,
2.870 2.919 2.787 2.913 3.281 3.159
1
b (2.850 %) (2.9211) (2.680 %) ” (3.144 2)
5 ) 5 (3.277) (3.160 2)
(2.870 5) (2.926 2) (2.820 %) (3.134)
1.810 1.685 1.813 1.682 1.721 1.824
dp_ 1.8252
B-B (1.689 2) (1.717) ((1.891 3))
p 2.10 2.15 2.04 2.15 2.46 2.49
M-B 2.11% (2.05 %) (2.437) (2.49 3)
2,122 2.662 2134 2.680 2.817 3.382
1 (3.391 1
! (2.651 2) (2.139) (2.847) (3.3802)
(2.639 2) (3.385 %)

T Ref. [21]. 2 Ref. [22]. 3 Ref. [23]. * Ref. [24]. ° Ref. [25]. © Ref. [26]. 7 Ref. [27].

Table 2. Cohesive energy (E..j,), highest frequency at the I point (v), and charge transfer from TM to
B (Ag) for CryBy, Fe;By, and Zr;B,. The values in bold are to highlight the structure with higher Ey,.

Cr,B; Fe;B, Zr;B,
Pmma P6/mmm Pmma P6/mmm Pmma P6/mmm
Econ (€V) 6.222 6.201 6.901 6.830 8.050 8.087
v(ecm™1) 762.45 1003.50 772.74 976.01 928.02 744.12
Ag (e) —0.76 —0.61 —-0.37 —0.40 —-1.17 —0.86

All our MBenes exhibit large E.,j, values ranging from 6.222 to 8.087 eV, as shown in
Table 2, which means they present strong internal binding and good stability. Moreover,
our results are in good agreement with previous works. For instance, Zhang et al. [28]
obtained a value of 6.30 eV for ortho-Cr;B,. For the sake of comparison, we also computed
the diamond structure of carbon using the same optimization parameters, resulting in a
E.o, of 7.757 €V, which is a comparable value to that of other theoretical and experimental
reports [29]. Interestingly, other studies have noted a dependence of the structure stability
with the atomic mass of the TM [22], a fact that is also reproduced in our results, hex-ZryB,
being the MBene with the highest E_,;, (8.087 eV). From a structural point of view, Cr,B,
and Fe;B, prefer to adopt orthorhombic structures, whereas Zr, B, accommodates better to
the hexagonal one. However, the orthorhombic and hexagonal phases are close in energy
(within some tens of meV), and, according to recent reports [9,30], ortho-MBenes might
transform into hex-MBenes at high temperatures.

On the one hand, calculations of the phonon frequencies reveal that some small imagi-
nary frequencies appear in the surroundings of the I' point for orthorhombic Cr;B; and
ZryB; as shown on the left panel of Figure 2. On the other hand, none of the hexagonal
structures have imaginary frequencies as shown on the right panel of Figure 2. Similar dy-
namical instabilities as for ortho-MBenes have been reported for freestanding 2D structures
in previous works [25,31]. These studies have concluded that the out-of-plane acoustic
mode, ZA, is responsible for such instabilities, which are against the long-wavelength
transversal waves that could be fixed by defects like grain boundaries or ripples [32].

The highest values of the frequencies at the I'-point are collected in Table 2. All the
frequencies are higher than 740 cm~!. Starting with the orthorhombic structures, the
highest optical frequency at I'-point increases with the atomic number of the TM atom;
that is, Cr, Fe, and Zr, in that order. These results are very close to those found in the
literature [24]. Since the optical frequency is an indicator of the bond strength, Zr,B; is
more stable than Cr;B, and Fe;B,. The trend is, however, the opposite for hex-mBenes,



Materials 2023, 16, 5104

meaning that the highest frequency at the I'-point corresponds to the TM atom which
has the smallest atomic number, in this case Cr, and decreases for Fe and Zr. We can
conclude that the studied MBenes are stable and could be grown experimentally under
certain conditions.

Pmma P6/mmm
(a) (b)
Cr,B, Cr,B,
1000F 1 1000 — |
800 — 800 __,____
600 4 600 7/ .
400F \ 400 .
200 —— é% 200F ﬁ 2
4 s
0 \_, of .
T X S Y r K T M K
Fe,B, Fe,B,
1000F 1 1000 —/_—-=..__< -
N - - E -
= so0f— 1 soof I
Q - i S
> 600 ><> 600F )
g 400 . : 400 —— T ——
S e —
o 200 7——-_ 4 200E t—]
of ob K/’ ]
r X S Y I K T M K
Zr,B, Zr,B,
1000F 4 1000F ]
800F 1 soof ]
:_/ b f——— -~
600F —_ 4 600F —
400 1 400 .
200 p—= 1 200 ﬁﬁ
0f N oF
T X S Y I K T M K
Figure 2. Phonon dispersion relations for the (a) Pmma and (b) P6/mmm structures of CryBy, FeyBy,
and Zr,B,.

3.2. Electronic Properties

To understand the electronic behavior of the MBenes involved in our study, we
calculated the spin-polarized band structure, the density of states (DOS), and the projected
density of states (PDOS) for the studied systems. The results of these calculations are
shown in Figures 3 and 4 for ortho-MBenes and hex-MBenes, respectively. Looking at the
band structure and DOS, we may conclude that there are no band gaps between the valence
band (VB) and the conduction band (CB) for any of the studied structures, which means
that all the systems are metallic with partially occupied bands crossing the Fermi level (for
the majority and the minority spin channels). This metallic character of the pristine MBenes
has also been reported in other works [33]. In all cases, the p orbitals of boron are deep in
energy (ranging from —8 to —2 eV approximately) and, in the orthorhombic structures,
partially hybridize with the d orbitals of the TM. Near the Fermi level, the PDOS for both
symmetries of Cr,B; and Fe;B, is dominated by the d orbitals of Cr and Fe, respectively
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(see the right panels of (a) and (b) in Figures 3 and 4). Whereas, hybridization between
the p and d orbitals of Zr occurs at the Fermi level of Zr;B, (see the right panels of (c) in
Figures 3 and 4). The contribution of the majority states at the Fermi level of ortho-Fe;B; is
very small, whereas an equal contribution of the minority and majority states is observed
in hex-Fe;B; and also in both symmetries of Zr,B,. Finally, the contribution of the majority
states is larger than that of the minority states at the Fermi level for CryB,.

According to our Bader analysis, the charge transfer, Ag, always occurs from the TMs
to the boron atoms. This is shown in Table 2 where we present the values of Ag for all the
studied cases. The obtained values are in agreement with other reports (e.g., Ag = —0.34e
for ortho-Fe;B;, as reported in ref. [26]). In general, considering both the Pmma and
P6/mmm structures, the largest charge transfer occurs between Zr and B, whereas Fe is the
TM for which the charge transfer to B is the smallest one.

The conductivity results are shown in Figure 5. They reveal anisotropy of the con-
ductivity tensor for the ortho-MBenes, especially for the case of ortho-Zr; B, for which the
direction perpendicular to the BDC is clearly the preferred one, whereas for ortho-Fe; By,
the conductivity is higher along the BDC. On the other hand, the hex-MBenes are isotropic
with respect to conductivity. It is also worth highlighting that the orthorhombic Fe,B, and
Zr,B, present the highest conductivity values among all the studied cases.
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Figure 3. Electronic band structure (left) and DOS (center) for the majority (blue) and minority (red)
spin states, and orbital-resolved PDOS (right) for the Pmma structures of (a) CryB,, (b) Fe;B,, and
(C) Zl‘sz.
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Figure 4. Electronic band structure and DOS for the majority (blue) and minority (red) spins, and
orbital-resolved projected density of states (PDOS) for the P6/mmm structures of (a) CroB,, (b) Fe; By,
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Figure 5. Components of the conductivity tensor for the Pmma (left) and P6/mmm (right) structures
of Crsz, Fesz, and ZI‘2B2.

3.3. Magnetic Properties

The origin of magnetism in these types of materials arises from the d orbitals of the
TM atoms. Both FM and AFM configurations have been suggested to determine the ground
state. The results of our calculations are summarized in Table 3. Among all the considered
structures, only the hex-Fe; B, resulted in an AFM ground state since the E;,; value of the FM
state is 46.84 meV higher in energy. On the other hand, ortho-Fe; B, exhibited an FM ground
state in accordance with previous reports [34]. However, a more detailed analysis, that

10



Materials 2023, 16, 5104

also included the next nearest neighbors and was performed using DFT combined with the
Monte Carlo method, revealed that ortho-Fe;B; actually has a stable columnar AFM ground
state [26]. In the particular case of Cr;B,, both structures result in an FM arrangement of
the magnetic moments. In general, the total energy difference, AEgy-apm, between the FM
and AFM configurations is always higher in absolute value for the orthorhombic structures
(—104.38 and —108.12 eV for Cr;B; and Fe;By, respectively,) than for the hexagonal ones
(—0.29 and 46.84 eV for CryB; and Fe; By, respectively) indicating that, in the latter case, the
magnetic ordering may not be preserved at room temperature. Both orthorhombic Cr;B;
and Fe; B, structures show an FM ground state with a magnetic moment over 2.5 yp per
unit cell, a suitable behavior for robust 2D magnets. Interestingly, the boron atoms are also
slightly polarized for those cases for which the TM—-boron distances (dy;_g) are the shortest
(see Table 1). Finally, Zr, B, MBenes exhibit non-magnetic behavior.

The energy difference AEpvi-arm = Erm — Eapm can be used to evaluate the exchange
interaction, /NN, between TM atoms at the nearest neighbor (NN) positions. The exchange
energy for a system of interacting atomic moments, S;, can be described by the Heisen-
berg model:

1
Etot = Eo— 5 Y JiiSi-S;, 2)
i#]
where Ej is the total energy excluding spin-spin interactions and in our case S; = S; = S.
For ferromagnetically or antiferromagnetically coupled TM ions at NN positions —2JynS? =
AEpm-apMm- The critical temperature (Curie or Néel temperature), T;, in the mean field ap-
proximation (MFA) can be estimated from

2 1
=B () = o s >

The T, values are collected in Table 3. As can be seen from the table, we obtain a consid-
erably large value of T, = 418 K for ortho-Fe;B,. However, as mentioned above, a more
accurate investigation [26] predicts an AFM ground state with T, = 115 K. Interestingly,
our calculations predict an AFM ground state for hex-Fe;B, with T, = 181 K.

Table 3. Total magnetic moment (y¢,;), magnetic moment of the TM atoms (pi1)p), magnetic moment
induced on the boron atoms (yp), magnetic ground state (MGS), the total energy difference between
the FM and the AFM configurations (AEpp.apm), and the critical temperature (T;) estimated using
Equation (3) for Cr;B,, Fe;By, and Zr;B,.

Cr,B, Fe,B, Z1,B;
Pmma  P6/mmm  Pmma P6/mmm Pmma P6/mmm
Utot (B /unit cell) 2.56 0.63 2.69 0.00 0.00 0.00
utm (pp/ion) 1.03 0.31 1.26 2.06/—2.06 0.00 0.00
up (i /ion) —0.05 —0.01 —0.05 0.00 0.00 0.00
MGS FM FM EM AFM Non-magnetic Non-magnetic
AEpvarM (meV /unit cell) —104.38 —0.29 —108.12 46.84 - -
T, (K) 403 1 418 181 - -

4. Summary and Conclusions

In summary, we carried out a comparison between the structural, electronic, magnetic,
and transport properties for orthorhombic and hexagonal phases of a selected group of
MBenes, Cr;B,, Fe;By and Zr; By, that are usually considered separately in the literature.
Although there are several theoretical reports that have predicted the stability of the
studied MBenes, to our knowledge, hex-Fe;B; is shown for the first time in this work to be
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dynamically stable. Experimentally the most studied MBenes are those composed of early
TMs, whereas those composed of late TMs (like iron) remain to be synthesized.

We observe that, from an energetic point of view, the larger the atomic weight is, the
higher the E,j, is, which means that Zr, B, possesses the strongest bonds. However, despite
the small difference between the E,j, values of the orthorhombic and hexagonal structures
of each MBene, both phases can exist theoretically. This assumption is reinforced by the
calculation of the corresponding phonon dispersion plots that predict stable behavior of
all the MBenes. Furthermore, the metallic character of our pristine MBenes makes them
efficient materials for charge transport, and therefore are competitive 2D materials for
electronic, sensing, or electrocatalytic purposes. We predicted that, for both symmetries of
Cr; By, the contribution of the majority spin states would be larger than that of the minority
spin states at the Fermi level, leading to an FM ground state and opening the possibility of
their use in information magnetic storage.

This understanding of the properties of the studied materials, together with the
acknowledgment that, within the same framework, both orthorhombic and hexagonal
phases are feasible and different in their properties, creates the possibility of going further
in our research to consider them as potential candidates for sensing and catalytic processes.
Although there exists some parallelism with MXenes, MBenes are emerging 2D materials
that are expected to have great development potential in the future, due to their diverse
stoichiometries and, as a consequence, structural differences and new challenging physical,
chemical, and biological properties. The biggest difference for MBenes is that some of them
can potentially exist in both orthorhombic and hexagonal phases.
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Abstract: Two-dimensional superconductors, especially the covalent metals such as borophene, have
received significant attention due to their new fundamental physics, as well as potential applica-
tions. Furthermore, the bilayer borophene has recently ignited interest due to its high stability and
versatile properties. Here, the mechanical and superconducting properties of bilayer-54 borophene
are explored by means of first-principles computations and anisotropic Migdal-Eliashberg analytics.
We find that the coexistence of strong covalent bonds and delocalized metallic bonds endows this
structure with remarkable mechanical properties (maximum 2D-Young’s modulus of ~570 N/m)
and superconductivity with a critical temperature of ~20 K. Moreover, the superconducting critical
temperature of this structure can be further boosted to ~46 K by applied strain, which is the highest
value known among all borophenes or two-dimensional elemental materials.

Keywords: bilayer borophene; superhard; anisotropic superconductivity; electron-phonon coupling;
strain effect; first-principles calculations

1. Introduction

Superconductivity in two-dimensional (2D) materials has attracted perennial and
ever-increasing attention over past decades, owing both to fundamental scientific interest
and tantalizing applications [1-5]. One of the most important goals in superconductivity
research is raising the superconducting transition temperature, T. In general, supercon-
ducting materials can be classified into two categories: low-temperature superconductors,
characterized by critical temperatures (T.) below 30 K, such as Nb-Ge films [6], and high-
temperature superconductors with T exceeding 30 K, exemplified by Cu-based oxides [7-9].
Within the framework of the conventional Bardeen—Cooper—Schrieffer (BCS) theory [10],
it is reasonably anticipated that metals composed of light elements have a better chance
to induce a high T, because the Debye temperatures within such metals are usually high
enough to trigger a strong phonon-mediated superconducting pairing. More specifically,
according to the celebrated McMillan—-Allen-Dynes (MAD) formula [11,12]:

Wiog [ —1.04(1 + )\)

Te= o0 avoeon)

)

T should be elevated by increasing the log-averaged characteristic phonon frequency
(wieg) and the electron-phonon coupling (EPC) parameter, A. The light elemental materials

typically have high frequency phonon modes, enlarging wj,; and thus increasing Te.

Furthermore, large phonon frequency and EPC potential V' = (/}5 ) induced by strong
f

covalent bonding in light elemental material, together with N (E f), and the electronic

density of states (DOS) at the Fermi level [13], should result in a higher T.. In fact, the metals
with strong covalent bonding can be grouped as “covalent metals” [13] and their potential
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to harbor a high T, in 2D form have been confirmed, e.g., hydrogenated monolayer MgB,
(67 K) [14], doped graphene (8.1 K~30 K) [15-17], hydrogenated monolayer borophene
(32.4 K) [5] and especially 2D metal borides (1.4 K~72 K) [18-22].

Among covalent metals, 2D boron sheets (borophenes) recently came to the fore of su-
perconducting research, motivated by their inherent metallicity, light weight and significant
experimental progress on their synthesis [23-25]. Based on the first-principles calculations
and MAD formula, Penev et al. [26] reported early on the T. of the (experimentally syn-
thesized 64, 31, and x3 borophenes) to be in the range of 11.5 K~20.5 K and Gao et al. [27]
found them to span 18.7 K-24.7 K. Using a more accurate and sophisticated anisotropic
Migdal-Eliashberg (ME) equation, Zhao et al. [28] found the T, in those borophenes in
26.2 K-33 K. Apart from intrinsic metallicity and light weight, another impetus for searching
high-temperature superconductivity in borophenes is their vast polymorphs and supe-
rior mechanical properties, which provide a great benefit to potential superconductors,
suggesting effective ways to modulate the superconductivity [29].

The monolayer borophenes have been intensively studied; however, the investigations
are scarce [30-32] for bilayer or multilayer borophenes, where more intriguing properties
and tunability could be manifested, compared to their monolayer counterparts. Very
recently, the realization of bilayer borophenes were reported [33,34]. Unfortunately, the
first reported bilayer x-borophene is expected to be unstable if peeled off from the metal
substrate [35], and the (31,-like bilayer synthesized on Cu(111) surface appears complicated
due to ambiguity (with more than three hundred atoms in its unit cell and the atomic
structure still in debate), preventing an exploration of its properties or further application.
It can be anticipated that more stable and versatile bilayer borophenes are still to be unveiled
for research.

In this work, we investigate the mechanical and superconducting properties of a bilayer
composed of two covalently bonded 64 borophene monolayers, “(BL)-5¢” in Figure 1a—c. The
compact atomic structure endows BL-4 with remarkable stability and tantalizing properties
compared to its monolayer counterparts. Its computed high Young’s modulus of 570 N/m is
even higher than 346 N/m for graphene (or near 280 N/m “per layer”, for a fair comparison).
Based on the anisotropic ME equation, we find its T, = 20 K and can be boosted to 46 K by strain
effect, reaching the highest T, found among all borophenes or elemental 2D materials known to
date. The coexistence of superhard (in basal plane direction) and superconducting properties
in one material is rare, making BL-5¢ a fascinating superconductor for emergent nanoscale
devices such as quantum interferometers, superconducting transistors, superconducting
qubits, and wear-resistant parts of superconducting devices [3,36,37].
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Figure 1. (a) Planar and (b,c) side views of the atomic structure of BL-54. The yellow shaded region is
its unit cell, and the green shaded region is the unit cell of 4. There are three irreducible boron atoms
colored as Bl (green), B2 (blue), and B3 (pink). The direction dependence of (d) Young’s modulus
and (e) Poisson’s ratio of BL-3¢. (f) Stress—strain curves of BL-dg4, the vertical blue and red dashed
lines denote the fractured stress along the a and b directions, respectively.
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2. Results and Discussion
2.1. Atomic Structure and Mechanical Properties

BL-5¢ and 64 share the same top view (Figure 1a), and BL-0¢ can be viewed as AB
stacking of two 8¢ monolayers bonded via interlayer covalent bonds (side view in Figure 1b,c).
The unit cell of BL-3 is a rectangle with lattice constants a = 3.243 A, b=2883 A (Table 1),
which is obtained with a Vienna ab initio Simulation Package [38,39] (computational details
can be found in Supplementary Note S1). The total energy of BL-6¢ is computed to be lower
than all experimental synthesized monolayers, due to the interlayer bonding: —6.38 eV /atom,
which is 0.171 eV /atom, 0.125 eV /atom and 0.113 eV /atom lower than that of the synthesized
36, B1» and xs, respectively (see Table 1, for atomic structures see Figure S2). Moreover,
the slight dynamical instability of 8¢ is also eliminated by the interlayer bonding of BL-
8¢. The energetic stability of BL-0¢ was also confirmed by an ab initio evolutionary global
structure search in our prior work [40] and reported by Zhou et al. [41]. Given that the
monolayer 0 has been fabricated on a Ag(111) substrate, the thermal stability of BL-54 is
also tested on Ag(111) substrate by an AIMD simulation at 500 K, and one can observe
that its whole structure is well maintained after 5 ps with a timestep of 1 fs under such
a high temperature (Figure S3). Therefore, it is well-expected that BL-5¢ will be accessed
experimentally, supported by its outstanding energetic and thermal stability, and the progress
in bilayer borophene synthesis [42,43].

Table 1. The space group, lattice constants (A), elastic constants (N/m), Young’s moduli (N/m),
Poisson’s ratios, and cohesive energies (eV/atom) of BL-b4, 8¢, 312, X3-

System CS;E(?I(;; b C11 C22 C12 C44 Ya Yb Va Up EC
BL — & Pmmm 3243 2883 5700 3220 220 1460 569.4 3214 0.038 0.068 —6.380
56 1614 2874 3986 1718 —40 939 3986 1718 —0.01 —0.02 —6.209
56 [24] Pmmn ;617 2865 3980 1700 —70 940 3980 1700 —0.04 —0.02
B1a 2931 5065 1870 2186 368 627 1808 2114 0168 0197 —6255
B1p [44] Pmmm 1855 2105  37.0 685 1790 2031 0.176  0.199
X3 8407 2912 2073 1985 282 600 2033 1947 0135 0.142 —6.267
X3 [44] Cmmm 201.0 1850 215 605 1985 1827  0.116  0.107
Graphene P6/mmm 2468 356.9 622 1473  346.1 0.174
Graphene [45] 2.470 352.7 60.9 1459 3422 0.173

We obtain the four independent elastic constants for BL-8s: Ci; = 570 N/m,
Cy =322 N/m, Cyp =22 N/m, and Cy4 = 146 N/m, which apparently satisfy the Born—
Huang criteria [46]: C11Con — C%2 > 0 and Cy4 > 0, demonstrating the mechanical stability
of BL-86. The 6 dependence of in-plane Young’s modulus Y and Poisson’s ratio v of BL-3
are plotted with polar coordinates in Figure 1d,e (computational details can be found in
Supplementary Note S2 and Figures S5 and S6). We find that the in-plane Young’s moduli
and the Poisson’s ratios of BL-84 are highly anisotropic. For comparison, the values of
elastic constants, Young’s moduli, Poisson’s ratios of 8¢, 12, X3 and graphene are summa-
rized in Table 1. The introduced B3-B3 bonds in BL-6¢ boost the Y, and Y}, to 570 N/m and
321 N/m, respectively. Although graphene is well-known as the strongest 2D material,
along the armchair direction Y, = 570 N/m exceeds the Y, = 364 N/m of graphene, partially
due to the strong directional B-B o-bonds, making it stand out among 2D materials. In
contrast, the Yy, = 321 N/m (still comparable to graphene) is lower, due to the much weaker
multicenter bonds involved in the zigzag direction.

We find the fracture strain is 13% along the a and 8% along the b direction, according
to the strained phonon spectra (Figure S4), before reaching the elastic maximum of 16%
and 14% (Figure 1f). Thus, the failure mechanism of BL-4 is phonon instability, for both
directions, which is different from that of 54 (elastic instability in the zigzag direction and
phonon instability in the armchair direction) [47]. The fracture strengths of BL-54 are 43
and 23 N/m along the a and b directions, much above that of d¢ (20.26 and 12.98 N/m) [47],
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black phosphorene (9.99 and 4.44 N/m) [48], and even graphene (40.41 and 36.74 N/m) [49]
along the zigzag direction. Considering the ultrahigh Young’s moduli and large fracture
strength, one can judge the BL-3¢ being in-plane superhard.

2.2. Electronic Properties

The electronic structure of BL-8¢ is summarized in Figure 2. Three bands cross the
Fermi level and form the Fermi surface, of which one forms a small electron pocket cen-
tered around the corner of the first BZ and the other two contribute to the rest of Fermi
surface (Figure 2b). The atomic- and orbital-resolved band structures suggest that the main
contribution near the Fermi level is from the py, orbital of B1/B3 atoms and the p, orbital of
all B atoms (Figure 2f,g, more details in Figure S7), which is also confirmed by the charge
distribution in the states within +0.3 eV from the Fermi level (Figure 2c—e). Using Wan-
nier90 (v 3.1.0) code [50], the Wannier-interpolated band structures are also provided and
show excellent agreement with those by first-principles calculations (Figure 2a), which lays
a clear ground for subsequent anisotropic superconductivity calculations, as implemented
in electron-phonon Wannier (EPW v 5.4) code [51].
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Figure 2. (a) Electronic band structures of BL-54 by DFT (red solid lines) and Wannier90 (blue dashed
lines). (b) Fermi surface, (c—e) top and side views of the charge density corresponding to the energy
range shaded green in (a), and electronic band structures weighted by the p, orbital of B1 and B3
atoms (f) and the p, orbital contributions of all boron atoms (g) of BL-5.

2.3. Isotropic and Anisotropic Superconducting Properties

In the phonon spectrum of BL-3¢ (Figure 3a), we find no negative frequencies, demon-
strating its dynamic stability. This is in stark contrast to b4, a layer whose phonon dispersion
displays small imaginary frequency near the I' point [24]. Mechanically intuitive, the BL-64
is stabilized by the covalent B3-B3 bonds. The (v) mode- and (§) momentum-resolved EPC
Aqv is also given, calculated by the following equation:

2 1

Ay = e ) S(e)s(el), @
hN(f)Nk ik Wav +q

nm
8 k,qv

where Ny represents the total number of k points in the k space, g,ﬁ”&‘v is an EPC matrix
element, n/m and v represent the indices of electronic bands and phonon mode, €}’ and €}, g
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are the eigenvalues with respect to the Fermi level, and wy, is the phonon frequency. We
found three modes (By, and two Ag) have comparatively large EPC near the I' point (left
panel of Figure 3a). In the By, shear mode at 39.3 meV, the B1 and B2 atoms move in one
direction and the B3 atoms move in the opposite (Figure 3b). The first Ag mode at 102.6 meV
corresponds to a bond stretching contributed by B3 atoms (Figure 3c). The second Ag mode
at 168.7 meV is also a stretch mode, but predominantly contributed by B1 atoms (Figure 3d).
The vibrational contribution of these three modes can also be inferred from the phonon
density of states (right panel of Figure 3a). The Eliashberg spectral function a?F(w) is a key
quantity, which determines the total EPC A by the following equation:
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e, o '4A 3
A P 9 = i) —: B1
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Figure 3. (a) From left to right: phonon band structure of BL-5¢ weighted by EPC A, with purple
circles, isotropic Eliashberg function «2F and EPC A(w), and phonon density of states contributed by
different kinds of boron atoms. (b-d) Vibrational modes of the By, mode and the two Ag modes at I',
as labeled in (a).

Accordingly, the #*F(w) and cumulative EPC A(w) are calculated (middle panel of
Figure 3a). We observe three sharp peaks mainly contributed by the three phonon modes
analyzed above. Correspondingly, the EPC strength A calculated by Equation (3) is 0.59
and the T, of BL-5¢ within the MAD approximation calculated by Equation (1) is 10.1 K.

Akin to structure and mechanics anisotropy, the Fermi surface of BL-54, formed by
multiple bands with different orbital contributions (py and p, orbitals, Figure 2f,g) is also
significantly anisotropic. For such a system with a complicated Fermi surface, using the
anisotropic ME equation is essential, in order to obtain an anisotropic EPC, and an accurate
Tc, compared with the isotropic superconductivity calculated from the MAD formula using
an isotropic EPC [28]. As shown in Figure 4a,b, the variation in momentum-dependent
EPC parameter Ay and the superconducting gap Ay at 10 K displays similar anisotropy, i.e.,
the maximum along the I' — X direction and the minimum along the I' — Y direction. We find
the superconducting gap ratio A0 = (A™¥ — AMIn) / AR = (2,499 — 0.444)/1.470 =~ 140%, a
measure of its strong anisotropy at the Fermi surface, also signifying that the anisotropic
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ME formula is indispensable for predicting T.. Figure 4c shows the evolution of the
superconducting gap as a function of temperature, based on the ME equations solved
in either isotropic or fully anisotropic approximations. The T, is identified as the lowest
temperature at which the vanishing gap is observed. Under the isotropic approximation
T =12 K, comparable to the value (10 K) obtained by the MAD formula but is much lower
than the value calculated with the fully anisotropic approximation (20 K), further attesting
to the anisotropic superconducting nature of BL-54, omitted previously [32].
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Figure 4. (a) Momentum-dependent EPC A across the full BZ and (b) momentum-dependent
superconducting band gap Ay at 10 K and projected onto the Fermi surface. (c) Variation in the
superconducting gap Ay with temperature, calculated by solving the ME equations in the isotropic
approximation (yellow dots and dashed line interpolated) and with the fully anisotropic solution,
where the purple shadowed regions indicate the magnitude distribution of the Ay and the light green
dots connected with the dashed line represents the average value of the entire anisotropic Ay.

The mechanical robustness of BL-64 permits a consideration of whether the tensile strain
could enhance the T, motivated mainly by two reasons. First, according to Equation (2), it can
be seen that EPC A, is inversely proportional to the phonon frequency wy,, which would be
helpful to lower, perhaps by tension, weakening the atomic force constants and thus softening
the phonon modes. Second, the atomic orbitals overlap is reduced so that the electronic bands
become less dispersive, enlarging the N(E), which provides more electrons susceptible to
pairing interactions, mediated by dynamic phonons, to certainly contribute to the T, rise.

To examine the effect of strain on the BL-54 superconductivity, the evolution of EPC A,
the log and maximum frequencies Wiog and wy,,y, as well as T, are all calculated within
three approximations (i.e., MAD, isotropic ME, anisotropic ME), as a function of tensile
strain along the a direction, and presented in Figure 5a,b (for details see Figures S8-511).
As expected, the increment in T, is accompanied by a decrease in frequency-dependent
Wiog/ Wmax and an increase in EPC A (Figure 5b). The phonon spectrum under a 13%
tension along a (near fracture strain) weighted by A4y, the Eliashberg spectral function
#?F(w) and EPC A(w) are shown in Figure 5c,d. The red shift of phonon frequency can
be clearly observed and the enhanced EPC Ay, due to the phonon softening can be seen
in all frequency ranges (Figure 5d). In addition, the contribution of low-frequency part
becomes more dominant. In particular, four largely softened phonon Kohn anomalies with
considerable EPCs around 15 meV appear on the path of X-M-Y. Eventually, these combined
effects lead to a significant increase, by strain, in A from 0.59 to 1.33 and T, from 20 K to 46 K.
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It should be emphasized that 46 K is the highest T, among all borophenes and elemental
2D materials (Table 2). It should be noted that for bilayer or multilayer materials with
positive Poisson ratios, such as BL-3g, the tensile strain would lead to vertical shrinking
(Figure 5a), suggesting that the vertical pressure may also be an effective way to enhance
the T, of BL-0g, as the tensile strain does.
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Figure 5. (a) Evolution with tensile strain along the a direction, of the T, at three approximations
(MAD, circles; isotropic ME, triangles; anisotropic ME, squares) and the distance between ¢ planes
measured as B3-B3 bond length d. (b) Evolution of EPC A (solid crosses), the log-weighted frequency
Wieg, (circles) and maximum phonon frequency wpax (triangles) versus the strain. (c) Phonon band
structure weighted by EPC w;, under 13% strain. (d) Isotropic Eliashberg ayF and EPC A with 13%
tensile strain along the a direction. Data with no strain are shown in gray, for comparison.

Table 2. The EPC A, T, calculated with MAD formula and anisotropic ME equation of 8¢, 312, X3, for
Li-doped graphene [15] and BL-5.

TMAD Taniso
System A K, 1 = 0.1) &, 1 = 0.1)
56 [26] 1.10 205
56 [28] 0.82 27.0
B1o [26] 0.80 16.1
B1y [27] 0.89 18.7
B1o [28] 1.01 33.0
X3 [26] 0.60 11.5
X3 [27] 0.95 247
X3 [28] 0.79 26.2
Graphene (Li deposition) [15] 0.61 8.1
BL — &4 0.59 10.1 20
BL — & [32] 0.61 11.9
BL — 54 (13%) 1.33 30.78 46

Before concluding, a few remarks need to be addressed. Superhard materials are
usually semiconductors with large bandgaps or insulators, because the majority of electrons
are bound into covalent bonds, depleting any excess electrons from electron transport. For
instance, diamond is an insulator and the hardest material known. It may seem that
metallicity and superhardness cannot coexist in one covalent material. However, this
dilemma can be resolved in 2D borophenes, because the electron deficiency nature of boron
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atom enables strong localized covalent bonds and delocalized multicenter metal bonds in
one system, which endows the system with superb mechanical performance and excellent
metallicity, as evidenced by the high Young’s moduli and metallicity in BL-5.

It is worth mentioning that research on BL borophenes is still in its infancy and has
just been ignited by two recent independent experimental investigations. We would also
like to point out that in addition to the striking mechanical properties and superconduc-
tivity studied in this work, BL-¢ is expected to possess other interesting properties, such
as anisotropic plasmonics [52] and ultrahigh thermal conductivity [53], awaiting more
research. On the other hand, the excellent mechanical stability is also beneficial for BL-64
transfer to or even growth on some inert substrates [54], for convenience of characterization.
Our results also show that the interlayer bonds, while strengthening the bilayer, do not
destroy the o-bond resonance nor the conducting 7-bonds [55], adding a fine tuning-knob
to the properties. This also highlights the potential of covalent metals in the quest for high
T, superconductors.

In our investigation, the tensile strain is applied to enhance the superconducting
temperature of bilayer borophene. In addition to strain, the phenomenon of disorder,
particularly correlated disorder, can also significantly enhance the superconductivity in
a material [56,57]. In bilayer borophene, manipulating disorder could pave new paths to
enhance superconducting performance. On the other hand, a caveat common for all <2D
materials, due to the Mermin-Wagner theorem, must be mentioned, since it restricts the
stability, both merely structural and of the superconducting phase. Nevertheless, in any
BL borophene realization, the sample finite size (and support by a 3D-substrate) should
mitigate these concerns, although quantifying the size limitation is far beyond the scope of
the present study:.

3. Conclusions

In conclusion, we comprehensively investigated mechanical and superconducting prop-
erties of a bilayer borophene (BL-5¢), which can be viewed as AB stacking, with interlayer
covalent bonding, of earlier realized 6 borophene. The original good stability of d¢ and
the introduced covalent bond endows BL-6¢ with very prominent energy—thermodynamic,
thermal, and mechanical stability, suggesting that it has a high chance of occurrence in experi-
ments. The strong directional o B-B bonds and very compact atomic configuration give BL-5¢
a 2D Young's modulus along the a direction (569.4 N/m) higher than graphene (346.1 N/m),
while ensuring that BL-8¢ can sustain an ultimate 13% and 8% tensile strain along the a and
b directions, respectively. Furthermore, according to a fully anisotropic solution of the ME
equation, we predict BL-34 is a conventional phonon-mediated 2D superconductor with T, as
high as 20 K. We also highlighted the effects of tensile strain on EPCs and found that the T can
be boosted to 46 K at a 13% tensile strain along the a direction. To the best of our knowledge,
it is the highest value currently known for borophene or elemental 2D materials. Our findings
also consolidated the justification that covalent metals, such as borophene, should benefit the
search for high T. superconductors. The concurrent superior mechanical performance and
excellent superconductivity is scarce; thus, promising BL-6¢ many potential applications, such
as quantum interferometers, superconducting transistors, superconducting qubits, and even
wear-resistant parts for superconducting devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma17091967/s1. Figure S1: The evolution of T. with different k and g
meshes. Figure S2: The atomic structures of (a) 8¢, (b) 312 and (c) x3. Figure S3: (a) The total potential
energy fluctuation of BL-J¢ during AIMD simulation at 500 K. (b) The top view and (c) side view of the
atomic configuration of BL-0g on Ag (111) surface after 5 ps of AIMD simulation at 500 K. Figure S4:
The phonon spectra of strains under (a) 13% and (b) 14% along a axis, (c) 8% and (d) 9% along b axis.
Figure S5: The strain energy per area under different kinds of strains for BL-d¢. Figure S6: The strain
energy per area under different kinds of strains for (a) Jg, (b) B12, (c) x3 and (d) graphene. Figure S7:
The atomic and orbital resolved band structures of BL-d¢_Figure S8: (a) The electronic band properties
of BL-0 under 3% tensile strain along a direction, red line and blue dashed line denote the results
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calculated from DFT and Wannier90, respectively. (b) Phonon band structure of BL-5s weighted by EPC
Agqv with purple circles, isotropic Eliashberg function &2F and EPC A(w), PHDOS from different kinds
of boron atoms’ contribution. (c) Evolution of the superconducting gap A as a function of temperature,
calculated by solving the ME equations in the isotropic approximation (yellow dots and dashed line
interpolation) and with a fully anisotropic solution where the purple shadowed regions indicate the
magnitude distribution of the A and the light green dots connected with dashed line represents the
average value of the entire anisotropic Ay. Figure S9: The results of BL-d¢ under 6% tensile strain along a
direction. The meaning of (a—) are the same as Figure S8. Figure S10: The results of BL-d¢ under 10%
tensile strain along a direction. The meaning of (a—c) are the same as Figure S8. Figure S11: The results
of BL-6¢ under 13% tensile strain along a direction. The meaning of (a—) are the same as Figure S8.
Refs. [38,39,50,51,58-65] are cited in the Supplementary Materials.
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Abstract: Hydrogen boride (HB) sheets are emerging as a promising two-dimensional (2D) boron
material, with potential applications as unique electrodes, substrates, and hydrogen storage materials.
The 2D layered structure of HB was successfully synthesized using an ion-exchange method. The
chemical bonding and structure of the HB sheets were investigated using Fourier Transform Infrared
(FT-IR) spectroscopy and Transmission Electron Microscopy (TEM), respectively. X-ray photoelectron
spectroscopy (XPS) was employed to study the chemical states and transformation of the components
before and after atomic hydrogen adsorption, thereby elucidating the atomic hydrogen adsorption
process on HB sheets. Our results indicate that, upon atomic hydrogen adsorption onto the HB
sheets, the B-H-B bonds were broken and converted into B-H bonds. This research highlights and
demonstrates the changes in chemical states and component transformations of the boron element
on the HB sheets’ surface before and after atomic hydrogen adsorption, thus providing a clearer
understanding of the unique bonding and structural characteristics of the HB sheets.

Keywords: 2D material; hydrogen boride sheets; atomic hydrogen adsorption; photoelectron
spectroscopy

1. Introduction

Owing to the unique properties and promising applications of two-dimensional mate-
rials, researches in this field have garnered significant interest and attention [1-5]. Since
the successful discovery and study of various 2D materials, such as graphene (a single
layer of carbon atoms [6-8]), numerous efforts have been made to produce and synthesize
a diverse range of 2D materials with varying physical properties, including as insulators,
semiconductors, and superconductors [2-5]. Combining these two-dimensional materials
can substantially enhance the performance of electronic devices, create novel materials
with intriguing new physical properties, and enable the exploration of quantum phenom-
ena [6-12]. For instance, transistors, which are crucial components in electronic devices
that control electrical signals, can be fabricated from 2D materials [8-10]. These nanoscale
transistors benefit from the planar surfaces of 2D materials, which are essential for opti-
mal performance.

As the neighboring element to carbon in the periodic table, boron, with one less
electron and a lower atomic mass than carbon, can exist in different allotropes and struc-
tures, such as bulk boron, borophene, boron clusters, and even one-dimensional boron
chains [13-16]. In comparison to the well-known two-dimensional carbon materials, includ-
ing graphite and graphene, boron is capable of forming various 2D structures akin to those
of carbon [1,13-17]. Consequently, 2D boron-based materials continue to stimulate increas-
ing attraction and research. Additionally, metallic boride crystals, such as MgB,, exhibit
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stable planar 2D structures, providing evidence for the potential synthesis of boron-based
2D materials analogous to graphene [18,19]. Borophene, a promising candidate for ideal 2D
boron-based materials, also forms a layered structure with a few hexagonal boron layers.
It was first synthesized on Ag (111) in 2015 [20] and has been produced on other metal
surfaces [21-24]. Scanning tunneling microscopy (STM) images and theoretical calculations
have confirmed the layered, planar structure of these boron materials [15,20,21]. After
synthesizing and confirming the structure of borophene, studies have also explored its
interlayer stacking properties [25-27]. However, an unresolved issue is that borophene
reportedly cannot remain stable without a metal substrate and is reactive with water and
oxygen in the air [28,29].

To avoid the unstable characteristics of borophene, hydrogen boride (HB) sheet, which
is also a boron-based 2D material, has attracted more interest for its stability even in an
aqueous condition [30]. The ideal structure of HB sheets has been theoretically calculated
using first-principles methods to determine their theoretical discharge capacity. Results
indicate that the discharge capacity of HB sheets is exceptionally high compared to graphite
anodes [31-36]. Additionally, the stability of HB sheets has been examined under aqueous
conditions, demonstrating that they remain stable [36]. Studies on the hydrogen storage
capability of HB sheets are also advancing, with investigations into the release of gaseous H,
under photoirradiation [37]. Furthermore, HB sheets are considered as excellent substrates
for the formation of highly dispersed Ni nanoclusters [38]. Building on previous work,
reducing the byproduct of boric acid could be a valuable and meaningful research avenue,
potentially enhancing the purity and quality of HB sheets [39].

To understand the properties of materials, X-ray photoelectron spectroscopy (XPS) is
commonly employed and often combined with complementary techniques, such as Fourier
Transform Infrared (FI-IR) spectroscopy and Transmission Electron Microscopy (TEM)
imagery [37—40]. By analyzing the B 1s core-level spectra of boron materials, the typical
peak positions and assignments for various boron species have been reported and studied,
providing a reliable reference for boron XPS research [37-41]. XPS can also be used to track
changes in chemical states following different reactions, including oxidation, reduction,
and adsorption processes on material surfaces. These changes are reflected in shifts in peak
positions and variations in peak area ratios in the XPS spectra. Alterations in component
peaks can indicate possible reactions occurring during the process and provide insights into
the species changes of HB sheets and bulk boron. The purpose of this research is to focus
on the chemical bonding and chemical states of the boron atoms on the HB sheets’ surface,
and to verify the possible reactions caused by the boron species’ bonding, by applying XPS.

2. Materials and Methods

Hydrogen boride sheets are prepared via an ion-exchange reaction. Specifically, 1 g
of MgB, black crystal powders (99%, Rare Metallic Co., Ltd., Tokyo, Japan) was stirred at
350 rpm with 45 mL of HCl-treated ion-exchange resin (Amberlite IR120B H HG, Organo
Corp., Tokyo, Japan) for 3 days at room temperature (293 K). The solvent used in this
process was 300 mL acetonitrile (99.5%, JIS special grade, FUJIFILM Wako Pure Chemical
Corp, Osaka, Japan) in a Schlenk flask under an argon atmosphere. It is crucial to avoid
exposing the reactants to air, as the process is sensitive to water, which can cause hydrolysis.
After stirring for 3 days, the mixture was cooled to 273 K overnight to allow the deposition
of unreacted MgB,, ion-exchange resin, and byproduct boric acid. The mixture was then
filtered using a 0.2 um membrane filter paper under a flowing argon atmosphere. The
resulting HB sheets were obtained by drying the solvent in an oil bath at 343 K, with a cold
trap to remove the evaporated acetonitrile.

FT-IR spectroscopy was measured in Ar atmosphere under room temperature with
the scanning range of 400-4000 cm~!. The FT-IR results were recorded by the attenuated
total reflectance (ATR) method using prism holders. TEM images were obtained in vacuum
condition under acceleration electron-beam voltage at 200 kV.
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Analysis and measurement of chemical states of the elements were performed by
XPS at beamline (BL-13B) at the Photon Factory, KEK, at room temperature with photon
energies of 285 and 630 eV; photon energy resolution (E/AE) of BL-13B at the silt width of
30 um was estimated as 10,000 at photon energy of 64.1 eV and 7200 at 867 eV [42]. Both
bulk boron and HB sheets were prepared under an Ar atmosphere and baked under 373 K
for 3 days to degas the remaining moisture on the surfaces. The XPS electron analyzer was
equipped in the main UHV chamber (Gamma Data/Scienta, SES200) and the pass energy
of the measurements was 75 eV. The reproducibility experiment was held at beamline
(BLO8U) at Nano Terasu.

Both bulk boron and HB sheets were exposed to the atomic hydrogen atmosphere,
which can be obtained by cracking the molecular hydrogen gas by a heated tungsten
filament [43], with cracking condition is under a pressure of 5.0 x 10~° Torr and at room
temperature. The heating filament current was set at 6.5 A for 10 min. For both HB sheets
and bulk boron, the atomic hydrogen-adsorbed volume was set to 3000 Langmuir (L).

3. Results and Discussion
3.1. FT-IR and TEM

Figure 1a shows the HB sheets synthesized through an ion-exchange reaction involving
metal borides and protons, with MgB, crystals as the metal boride used in this study.

@) = B )
MgB, Ion-exchange }mg
=

®) | M

Intensity (arb. units)

Figure 1. (a) Schematic synthesizing process of HB sheets by ion-exchange. (b) FT-IR spectrum of HB
sheets. (¢) TEM images of HB sheets; inset shows the region enclosed by the red square. A winding
structure is traced by a red curve. (d) Structure model of HB sheets.

To examine the structure and study the properties of the HB sheets, FT-IR and TEM
were employed, with the results shown in Figure 1b,c, respectively. Figure 1d displays the
3D structure model of the HB sheets [1,37-41,44]. Figure 1b presents the FI-IR spectrum of
the HB sheets, which exhibits a prominent absorption peak at 2500 cm !, attributed to a
stretching mode at the terminal B-H bonds at sheet edges. Peaks at 1400, and 1650 cm !
correspond to bridging vibration modes and the peak at 700 cm ™! is attributed to the
angular oscillation at the B-H-B bond, while the peak at 1000 cm ™! is associated with a
stretching mode of the B-H bond with angular oscillations. The spectrum also shows an
O-H stretching peak above 3000 cm !, indicating the presence of residual boric acid [37-41].
Figure 1c displays the TEM image, which confirms the sheet-like structure of the HB. By
focusing on the enclosed area, the interlayer distance was measured to be approximately
0.34 nm, which was consistent with previous studies [38]. Additionally, the TEM image
reveals a winding structure highlighted by the red curve, suggesting that the HB sheets are
not as flat as the structure model. Both the FT-IR spectrum and TEM image confirm the
successful synthesis of the HB sheets.

Analyzing the structure of the HB sheets from Figure 1b,c, they consist of layered
structures, similar to those in an MgB, crystal [37-41]. Observations of vibrational modes
in the FT-IR spectrum further confirm that there are B-H-B and B-H bonds within the HB
sheets. The B-H-B bond can be characterized as a three center/two electron (3c—2e) bond
at either surface side of the HB sheet [37—41]. As shown in Figure 1c, the HB sheets are
predominantly fragmented and exhibit a winding structure.
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3.2. XPS

XPS is a powerful technique for studying and characterizing the chemical elements
on the surface of samples. Additionally, XPS B 1s core-level spectra can reveal changes in
charge states after chemical reactions. By calculating the atomic charges of B and H atoms
in HB sheets using Lowdin population analysis, the result indicated that the B atoms in
the pristine HB sheets were negatively charged, as their number was slightly higher than
the total valency [30]. This conclusion can also be confirmed by the observation that, if B
atoms were positively charged, negatively charged O atoms of water would be expected to
be closer to B atoms, rather than positively charged H atoms [30]. Based on these results,
we can predict that, in the XPS B 1s core-level spectra of HB sheets, the peaks for B species
(B-H-B and B-H) should appear in a lower binding energy region compared to the B 1s
core-level spectra of bulk boron, which typically shows B-B bonding.

Figure 2a displays the XPS B 1s core-level spectra of the HB sheets, measured at 285 eV.
Figure 2b shows the background-subtracted spectra for both the initial and 3000 Langmuir
(L) atomic hydrogen-adsorbed HB sheets. The background subtraction was performed
using the Shirley type function. In Figure 2b, the pristine data are presented as black lines,
and the curve-fitted XPS spectra are shown as red dashed lines. Fitting of an XPS spectrum
was made based on a function that combines the Gaussian (G) and Lorentzian (L) functions
with software CASAXPS [45,46]. In line shape analysis, a model for fitting asymmetric
peaks as a Lorentzian form convoluted with a Gaussian form is necessary, since most of the
broadening in core-level spectra arises from the analyzer, X-ray source, and other final-state
interactions, which are best represented by Gaussian distributions [47,48].

(a) B1s (b) B1s
HB-3000L HB-3000L
& B,
D3 A3
HB-0L HB-0L

Intensity (arb. units)

195 190 185 195 190 185
Binding energy(eV) Binding energy(eV)

Figure 2. XPS B 1s core-level spectra for the HB sheets with photon energy of 285 eV. (a) Background
subtraction of XPS B 1s spectra: 3000 L atomic hydrogen adsorbed on HB sheets (above) and initial
HB sheets (below). (b) Curve fitting of the B 1s XPS spectra.

Both the initial and atomic hydrogen-adsorbed spectra are fitted with four compo-
nent peaks, and the line shape of the fitting peaks is GL (30) for 30% Lorentzian and 70%
Gaussian. These peaks are labeled Ag—Dy for the initial state and A3—Ds3 for the 3000 L
hydrogen-adsorbed state. The different letters indicate distinct species, while the subscripts
denote the condition of atomic hydrogen adsorption, with 0 representing 0 L and 3 rep-
resenting 3000 L. Peak positions, assignments, and area ratios are summarized in Table 1.
Based on analysis of binding energies, taken at the measurement conditions, the four peaks
can be attributed to boron species at B-H-B bonding site in HB (Ag 3), at B-H bonding site in
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HB (By3), at B-OH bonding site in boric acid, B(OH)3 (Dy3), and at a site of an intermediate
boron material between HB and B(OH)3 (Cg 3) [37—41,49-52].

Table 1. XPS fitting results for the HB sheets and bulk boron for initial and atomic hydrogen-adsorbed
conditions with photon energy of 285 eV.

Samples Component Peak Position (eV) Peak Assignment Area Rate% FWHM (eV) Area Relative Error %
Ay 187.67 B-H-B bonding site in HB 40.78 1.70 0.08
HBOL By 189.02 B-H bonding site in HB 25.05 1.70 0.06
a Co 191.47 B-OH bonding site in intermediate 7.69 1.70 0.08
Dy 192.80 B-OH bonding site in B(OH)3 26.48 1.70 0.12
As 187.60 B-H-B bonding site in HB 24.81 1.84 0.09
HB-3000 L Bs 189.10 B-H bonding site in HB 43.63 1.84 0.17
: Cs 191.00 B-OH bonding site in intermediate 7.49 1.86 0.17
D3 192.95 B-OH bonding site in B(OH)3 24.07 1.84 0.17
| Ay 188.11 B-B bonding site in boron 21.82 1.87 0.16
Bulk boron-0 By 189.41 B-O bonding site in oxidized boron 12.47 1.89 0.17
L Co 193.11 B-OH bonding site in oxidized boron 65.71 1.92 0.13
Bulk Az 188.00 B-B bonding site in boron 21.01 2.14 0.17
b u Bs 189.85 B-O bonding site in oxidized boron 3.36 2.12 0.17
oron-3000 L Cs 193.52 B-OH bonding site in oxidized boron 74.63 214 0.18

Further analysis of the results shown in Figure 2 reveals that both the initial and
atomic hydrogen-adsorbed HB sheets exhibit a decrease in the A peak. The reduction in an
area ratio of the A peak indicated a decrease in the B-H-B bridging network structure on
the surface of the HB sheets. Concurrently, the increase in the B peak, assigned to the B-H
bond, suggests that the breaking of the B-H-B bonds results in the formation of the B-H
bonds by the hydrogeneration. The C and D peaks are located at a binding energy region
of positively charged boron, considered as B-OH bonds in oxidized boron, such as boric
acid. Positions of the D peak can originate from B(OH)3, while those of the C peak may be
from B(OH) or B(OH); sites in the HB sheet.

To extensively explore changes in chemical state in the HB sheet, we also investigated
the XPS B 1s core-level spectra with a photon energy of 630 eV. The measurement condition
provides the bulk-sensitive information in XPS, as compared to that of the photon energy
at 285 eV. The XPS B 1s core-level spectra of HB sheets, taken at a photon energy of 630 eV,
are presented in Figure 3a,b. Figure 3a shows the background-subtracted spectra for both
the pristine and 3000 L atomic hydrogen-adsorbed HB sheets, with background subtraction
performed using the Shirley type. Figure 3b displays the experimental data as black lines
and the curve-fitted spectra as red dashed lines. Both sets of curve-fitted spectra are also
decomposed into four component peaks.

The four component peaks are labeled as Ag—Dy for the pristine state and Az-Dj3 for
the 3000 L atomic hydrogen-adsorbed state. Comparison with Figure 2b shows that the
peak binding energy positions are consistent, indicating that the peak fitting is accurate,
and the identified species are consistent across different photon energies. Assignments and
area ratios of the four species of peaks are summarized in Table 2.

To further discuss the results shown in Figure 3, a decrease in the A peak is also
observed, which indicates a reduction in the B-H-B bridging network structure on the
surface of the HB sheets. Simultaneously, the increase in the B-H peak area ratio confirms
that the breaking of B-H-B bonds leads to the formation of additional B-H bonds after
hydrogenation. From Table 2, we observe a decrease in the A peak and increases in both the
B and D peaks. Compared to the spectra obtained with 285 eV photon energy, the increase
in the D peak is pronounced at 630 eV. This enhanced increase is attributed to the presence
of oxygen in the bulk structure of the HB sheets, which reacts with the broken B-H-B
bridging bonds, resulting in a greater formation of positively charged boron and boric
acid compared to the 285 eV spectra. The results confirm that atomic hydrogen adsorption
breaks the B-H-B bonds, forming more B-H bonds. Additionally, oxygen in the deeper
bulk structure of the HB sheets reacts with the broken bridging B-H-B bonds, leading to a
notable increase in boric acid. Moreover, the slight increase in B-H peak area ratio indicates
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the surface sensitive characteristics of the B-H bonding. For our experiment, since the
incoming reactant is atomic hydrogen, instead of molecular hydrogen, the reaction process
can be described as an Eley—Ridealtype. The Eley—Rideal mechanism is a direct reaction
between the incoming molecule and the reactant at a surface, followed by the product
desorption [53-55]. In the current case, atomic hydrogen twice reacts with the bridging
B-H-B bonds, resulting in new B-H bonds.

@ B1s (b) B1s
HB-3000L HB-3000L

HB-0L

Intensity (arb. units)

195 190 185 195 190 185
Binding energy(eV) Binding energy(eV)

Figure 3. XPS B 1s core-level spectra for the HB sheets with photon energy of 630 eV. (a) Background
subtraction of XPS B 1s spectra: 3000 L atomic hydrogen adsorbed on HB sheets (above) and initial
HB sheets (below). (b) Curve fitting of the B 1s XPS spectra.

Table 2. XPS fitting results for HB sheets and bulk boron for initial and atomic hydrogen-adsorbed
conditions with photon energy of 630 eV.

Samples Component Peak Position (eV) Peak Assignment Area Rate% FWHM (eV) Area Relative Error %
Ay 187.50 B-H-B bonding site in HB 43.02 1.68 0.14
HBOL By 188.87 B-H bonding site in HB 25.05 1.68 0.09
a Co 191.21 B-OH bonding site in intermediate 7.69 1.68 0.08
Do 192.52 B-OH bonding site in B(OH)3 26.48 1.68 0.11
As 187.58 B-H-B bonding site in HB 26.51 1.92 0.11
HB-3000 L Bs 188.74 B-H bonding site in HB 25.98 1.92 0.10
: Cs 190.91 B-OH bonding site in intermediate 5.83 1.94 0.10
D3 192.61 B-OH bonding site in B(OH)3 41.67 1.92 0.13
Ay 188.26 B-B bonding site in boron 32.77 227 0.15
Bulk boron-0 L Bo 189.90 B-O bonding site in oxidized boron 12.14 227 0.17
Co 19291 B-OH bonding site in oxidized boron 55.09 227 0.15
Bulk Az 188.00 B-B bonding site in boron 32.57 2.16 0.30
b u Bs 189.85 B-O bonding site in oxidized boron 10.75 2.16 0.28
oron-3000 L Cs 193.52 B-OH bonding site in oxidized boron 56.68 2.08 021

To verify that B-H bonds are formed by breaking of the B-H-B bonds rather than by
direct interaction of boron with atomic hydrogen, we applied hydrogeneration to the bulk
boron and made XPS measurements to compare the results with the HB sheets. The XPS
Bls core-level spectra of bulk boron at 285 eV are shown in Figure 4a,b. The curve-fitted
spectra are decomposed into three component peaks, labeled Ay—Cy for initial state and
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A3-Cj for 3000 L hydrogen-adsorbed state. The peak positions, the assignments, and the
area ratios are given in Table 1.

(a) B 1s (b) B1s
Bulk boron-3000L Bulk boron-3000L
C;
B,
As
Bulk boron-0L Bulk boron-0L

Intensity (arb. units)

LJ l LI BN B l L I B B | l L] I L] LJ | ] L] l L] L] ] 5 l
195 190 185 195 190 185
Binding energy(eV) Binding energy(eV)

Figure 4. XPS B 1s core-level spectra for bulk boron with photon energy of 285 eV. (a) Background
subtraction of XPS B 1s spectra: 3000 L atomic hydrogen adsorbed on HB sheets (above) and initial
HB sheets (below). (b) Curve fitting of the B 1s XPS spectra.

In the spectra with 285 eV photon energy shown in Figure 4b, it is evident that the
bulk boron sample does not react with atomic hydrogen, as the peak positions for each
component (A to C) remain unchanged. This lack of change in peak positions suggests
that the chemical state of boron on the surface of bulk boron does not alter after exposure
to atomic hydrogen. Additionally, the area ratios of each peak show minimal variation
following atomic hydrogen exposure. Specifically, the decrease in the B-O bonding peak
area ratio and the increase in the boric acid peak area ratio suggest that some transformation
reactions between B-O and boric acid might occur during atomic hydrogen treatment. These
results indicate that the formation of new B-H bonds in the HB sheets is not a direct result
of boron interacting with atomic hydrogen. Instead, it arises from the breaking of B-H-B
bridging bonds, which are not present in the structure of bulk boron.

The XPS B 1s core-level spectra of bulk boron at 630 eV are also presented in Figure 5a,b.
Figure 5a shows the background-subtracted spectra for both the initial and 3000 L atomic
hydrogen-adsorbed bulk boron. In Figure 5b, the raw data are depicted as black lines,
and the curve-fitted spectra are shown as red dashed lines. Both sets of curve-fitted
spectra are decomposed into three component peaks. Analysis of the binding energies and
measurement conditions reveals that the three species peaks are attributed to B-B bonds,
B-O bonds, and boric acid. Compared to Figure 4b, the background interference peak is
absent at 630 eV, while the positions of the other three component peaks are consistent with
those observed at 285 eV. The peak positions, assignments, and area ratios are summarized
in Table 2.
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Figure 5. XPS B 1s core-level spectra for bulk boron with photon energy of 630 eV. (a) Background
subtraction of XPS B 1s spectra: 3000 L atomic hydrogen adsorbed on HB sheets (above) and initial
HB sheets (below). (b) Curve fitting of the B 1s XPS spectra.

The spectra obtained with 630 eV photon energy, shown in Figure 5b, also indicate
that the bulk boron sample does not react with atomic hydrogen, as the peak positions
for each component (A to C) remain unchanged. This lack of change in peak positions
agrees with the results under 285 eV, which suggests that the chemical state of boron on
the surface of the bulk boron does not alter after atomic hydrogen adsorption. Moreover,
the area ratios of each peak show minimal variation following atomic hydrogen treatment.
These results further confirm that the formation of new B-H bonds is not due to a direct
reaction between boron and atomic hydrogen. Instead, it arises from the breaking of B-H-B
bridging bonds, which are absent in the bulk boron structure.

The present method of atomic hydrogen adsorption paves a way to control a ratio
between numbers of the B-H-B and B-H bonds in a HB sheet. It has been reported that
the optical properties of the HB sheets depend on the B-H-B/B-H bond ratio [56]. An
increase in the ratio enhances the luminescence intensity, while a decrease enhances the
photoinduced H release rate under UV irradiation. We have found that the hydrogenation
reduces the B-H-B/B-H bond ratio and thus the method is suitable to tune the HB sheets for
the optimized Hj generation for usage. The present research has given not only academic
insights into understanding the nature of the hydrogen surface chemistry at the atomic
sheet but has also provided technological seeds for hydrogen production technology.

4. Conclusions

Hydrogen boride sheets were successfully synthesized via an ion-exchange reaction.
Their structure and chemical bonding were examined using FT-IR and TEM. XPS B 1s
core-level spectra of the HB sheets measurements were conducted at photon energies of 285
eV and 630 eV. For the surface sensitive measurement with 285 eV, the B 1s XPS spectra of
the HB sheets were fitted into four component peaks, corresponding to B-H-B bonds in HB,
B-H bonds in HB, B-OH bonds at the intermediate, and B-OH bonds in B(OH)3, respectively.
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After atomic hydrogeneration, the area ratio of the B-H-B bonding peak decreased, and
the B-H bond peak increased. This result indicated that atomic hydrogen treatment led to
the cleavage of the pristine B-H-B bonds and to the formation of the B-H bonds. For bulk
sensitive measurement with a photon energy of 630 eV, decrease in a number of the B-H-B
bond was also observed, but a number of the B-H bond increased slightly. This indicated
rather that the B-H bonding formation was held at a surface. The XPS results also indicated
that the breaking of B-H-B bonds led to an increase in the positively charged boron species,
which suggested that the cleavage of B-H-B bonds has allowed its breakdown by the oxygen
impurities in the internal bulk. In the case of bulk boron, XPS measurements revealed
that the neutral boron atoms hardly reacted with the atomic hydrogen. The present study
provides valuable insights into the chemical sensitivity of the B-H-B bond in HB sheets and
paves a way to explore industrial reactions.
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Abstract: Atomic clusters exhibit properties that fall between those found for individual
atoms and bulk solids. Small boron clusters exhibit planar and quasiplanar structures,
which are novel materials envisioned to serve as a platform for designing nanodevices
and materials with unique physical and chemical properties. Through past research
advancements, experimentalists demonstrated the successful incorporation of transition
metals within planar boron rings. In our study, we used first-principles calculations to
examine the structure and properties of neutral boron clusters doped with transition
metals, denoted as TMB,, and TMB,,,, where TM = Ti, Cr, Mn, Fe, Co, Nb, or Mo and
n = 8-10. Our calculations show that the TMB;, structures, which involve sandwiching
metal atoms between two rings (called the drum configuration), and clusters with the
single ring configuration, TMB,,, are stable. These clusters typically have relatively large
HOMO-LUMO energy gaps, suggesting high kinetic stability and low chemical reactivity.
Moreover, the clusters display interesting magnetic properties, determined not only by
the metal atoms but also by the induced magnetism of the boron rings. These structures
have potential applications in spintronics and sensing. This work also provides a basis for
studying magnetism in the one-dimensional limit.

Keywords: borometallic clusters; planar boron clusters; first-principles calculations;
nanostructure design

1. Introduction

Boron, a versatile element with applications spanning many fields, has a rich history
that traces its origins to the isolation of simple boranes by Stock et al. [1]. Over the past
two decades, a noteworthy chapter in this narrative has unfolded with the synthesis and
characterization of various low-dimensional boron nanomaterials, including nanoclusters,
nanowires, nanotubes, nanobelts, nanoribbons, and monolayer crystalline sheets [2-5].
Unlike traditional bulk boron crystals found in a-, -, and y-rhombohedral and «a-tetragonal
forms, these newly crafted boron-based nanomaterials have distinctive bonding patterns [6].
This departure gives rise to captivating physical and chemical properties, making them
a focal point of fascination within materials science. Of particular note is the capability
of boron-based nanomaterials, such as clusters, to serve as superatoms or as fundamen-
tal building blocks for crafting nanostructures designed with novel functionalities and
properties. These systems are characterized by having diverse structures, including planar,
quasiplanar, bowl, cage, tubular drum-like forms, multiple ring tubes, and fullerenes [7-11].
Electron deficiency of the boron atom enables its involvement in localized and delocalized
bonding patterns across various geometric configurations. The neutral B, clusters with
n < 20 prefer a planar or quasiplanar structure [12]. On the other hand, B;; clusters retain
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planarity (or quasiplanarity) for n < 40 [13]. The perfectly planar Bg and B, molecular
wheels, with a hepta- or octacoordinated central boron atom, respectively, laid the founda-
tion of borometallic clusters [14]. In the borometallic cluster, the central B atom is replaced
by a metal atom, creating a similar doubly aromatic cluster [15,16]. Experiments in cluster
beams have demonstrated that transition metal (TM) atoms can be incorporated into the
center of the planar boron clusters [17-19].

In a more recent study by Zhang et al. [20], the CALYPSO structure search method
was used to investigate the global minimum structures of neutral and negatively charged
TayB,, clusters, where n ranges from 1 to 10. Their findings revealed the formation of a B
ring when 1 equals 6. Interestingly, the research identified a neutral TapBg cluster exhibiting
a bipyramidal configuration with enhanced stability. Chang Xu et al. [21] conducted a
theoretical investigation on TM-centered double-ring clusters, M@B,,, (where M = Ti, Cr, Fe,
Ni, Znand n =6, 7, 8). They explored the factors contributing to the stability of these clusters
in their study. Miao Yan et al. [22] introduced the concept of fluxional bonds in various
structures, including planar B,,, tubular Ta@B,, and cage-like B,y. These bonds form and
break continuously on these systems’ extremely flat potential energy surfaces. Ren et al. [23]
used the CALYPSO method combined with density functional theory (DFT) calculations
on niobium-doped boron clusters. Their research revealed that the global minima for the
neutral clusters correspond to half-sandwich structures at # = 10-17 and tubular-type
structures at n = 18-20. Chen et al.’s [24] study offered a comprehensive overview of
the geometric configurations of both pure (B,;) and metal-doped boron clusters, which
exhibit structures such as planar, nanotube, bilayer, fullerene-like, and core-shell forms
across a wide range of cluster sizes (n). They also explored the potential for developing
boron-based nanomaterials with specific functionalities derived from metal-boron clusters.
Liu et al. [25] identified ten potential clusters made up of rings formed by 12 to 15 atoms
of boron—carbon doped with heavier alkaline-earth (Ae) metals (Ae = Ca, Sr, Ba). Their
chemical bond analysis reveals the important role of Ae d orbitals in facilitating covalent
interactions between the central Ae atom and the surrounding boron—carbon rings.

Linear magnetic chains are becoming crucial in quantum information involving en-
tanglement and correlation [26,27]. Carbon and boron-nitride-based nanotubes are used
as support surfaces to stabilize unstable isolated atomic chains [28]. Photoelectron spec-
troscopy and theoretical studies identified metal-centered tubular ionic structures MnB,
CoBj, RhBig, and TaB,, with a magnetic moment of 2, 2, 0, and 0 yig, respectively [29-32].
Neutral boron-based tubular structures, including FeBy4, FeB1g, UB2g, NpByg, and PuByg,
were theoretically examined and found to have a quenched magnetic moment of 2y for
the iron-based structures and relatively high magnetic moment of 3.69, 4.92, and 6.07 pp,
respectively, for actinide-centered tubular structures [33,34]. These research works showed
that the size and stability of the tubular structures greatly depend on the encapsulated
metal atoms through the covalent bonds forming between the metal ions and the boron
frame (MB;;) [35]. Metal-centered tubular boron clusters have been suggested as the build-
ing blocks for one-dimensional metallo-nanotubes [35]. However, the magnetic moments
of TM-centered tubular boron clusters remain unexplored, with limited discussion on their
magnetic behaviors.

In this work, using DFT calculations, we study the structure and properties of molecu-
lar borometallic wheel structures derived from planar boron Bg, By, and By wheel clusters.
For all of these clusters, we analyze their magnetic behavior using spin-polarized calcu-
lations and analyze charge density differences and the contribution of metal and boron
atoms to the density of states via the projected density of states (PDOS) analysis.
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2. Computational Details

In our DFT-based study, we use the plane-wave-based Quantum ESPRESSO pack-
age [36]. The generalized gradient approximation (GGA) of Perdew—Burke-Ernzerhof
(PBE) [37] is employed in the calculations combined with projector-augmented wave (PAW)
pseudopotentials. Boron-based rings centered with TM atoms (TMB,;) are modeled by
varying the value of n from 8 to 10 for single rings and subsequently increasing it to 16,
18, and 20 by taking the same ring twice and sandwiching the metal atom between them
(TMBy,). The TMB,; and TMB,,, clusters are shown in Figure 1. A vacuum distance of 16 A
is introduced to avoid interactions between cluster replicas. A plane-wave basis set with
an energy cutoff of 70 Ry is used. The convergence threshold for the self-consistent energy
calculations is 10712, and the atomic positions are optimized until the forces on atoms are
smaller than 10~% Ry/Bohr. The convergence threshold during phonon self-consistent
calculations is 10~14 eV. All the computations are carried out at the I'-point of the Brillouin
zone. Assessing the stability of clusters often relies on the binding energy, E;, as an im-
portant parameter. The calculation of E;, for the TMB,, and TMB,,, clusters is conducted
using the following equation:

Ey = E(TMB;) — E(B;) — E(TM),

where E(TMB;) is the total energy of the optimized boron ring with the TM atom in the
center, E(B;) is the total energy of the boron cluster in the ring (i = n) or drum (i = 2n)
forms, and E(TM) is the energy of the isolated TM atom. Spin-polarized calculations are
carried out to study the magnetic properties of the clusters.

Top view Side view Top view Side view

@ oo —’% B
*% Ead
T™B
(c)
—— % REA
TMB,,

T™MB,

Ring Configuration Drum Configuration

Figure 1. The structure of TMB,, (left) and TMBy,, (right) for n = 8, 9, and 10 in (a—c), respectively.
In each case, top and side views of the clusters are shown.

3. Results and Discussion

We became interested in the high symmetry of aromatic boron Bg and By clusters,
which are perfect heptagon and octagon structures with Dy;, and Dgj, symmetries, respec-
tively [38]. This led us to conduct thorough investigations involving neutral clusters formed
by replacing the central B atom in the octagon boron structure with TM counterparts, specif-
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ically TM = Ti, Cr, Mn, Fe, Co, Nb, and Mo, and extending the study to larger borometallic
clusters. Our investigation focused on two primary configurations: the above-mentioned
“ring configuration” (TMB,,), featuring a TM atom at the center of a ring composed of 8, 9,
or 10 boron atoms, and the “drum configuration” (TMB;,), involving two rings of the same
size stacked on top of each other, with the metal atom situated between the centers of two
rings comprising 8, 9, or 10 boron atoms. Our system is visually represented in Figure 1,
with boron atoms highlighted in dark red and forming a ring, and the central TM atom is
shown in blue.

3.1. Structural Properties

In line with the structural arrangement shown in Figure 1, the bond lengths between
adjacent boron atoms (dg_g) and those connecting boron with central metal atoms (dg_TMm)
are summarized for all the studied clusters in Table 1. It is worth noting that all the
designed configurations are planar except for TiBg, TiBg, and FeBg, where the central atom
deviates slightly out of plane by 0.8387 A, 0.6168 A, and 0.8394 A, respectively, giving
rise to a distinctive bowl-like structure, which aligns well with previous research. The
distances between metal and boron atoms (dg_1\) for n = 8,9, and 16 are small compared
to their covalent bonds, indicating minimal steric repulsion between them. The bond length
dp_p is influenced by the number of B atoms present in the boron ring and the size of the
central metal atom, especially for n = 8 and 9 (refer to Table 1). For TM = Cr, Mn, Fe, or
Co, the drum configuration with the maximum number of boron atoms is only possible
with Byg because, beyond that limit, an elliptical geometry prevails over a circular shape.
In Table 1, we summarize the point group (PG) symmetry for each cluster, which was
determined using the AFLOW software [39]. Except for the non-planar structures, the
Dy, symmetry is assigned to TMBg. For TMBy clusters, the PG symmetry is D, due to
its nearly circular geometry or Cy;, due to its elliptical geometry. Similar trends have been
reported for TaB,; clusters [40]: TaBg forms a pyramidal structure, TaB, shows increased
planarity as the Ta atom integrates into a larger boron ring, and TaB;, achieves a perfectly
planar, decacoordinated Dyg, symmetry, representing the highest coordination for Ta in
planar geometry, stabilized by aromaticity. Drum configurations mostly belong to the C;
PG symmetry.

In Table 1, we have summarized the values of E;, for all the clusters. The E;, values
consistently increase from TMBg to TMBg (or, in some cases, TMBg to TMB1g) and then
decrease gradually until reaching TMByg across all seven systems for each TM. Overall, the
Ey, values are relatively high for Co-doped configurations but notably lower for Mn-doped
structures. It is important to note that all structures have negative E; values, indicating the
stability of the clusters since energy is required to separate them into TM and B,,.

3.2. Electronic Properties

In Table 1, we have summarized the HOMO-LUMO (H-L) energy gaps of the studied
clusters. Although DFT-GGA underestimates energy gap values, most clusters still exhibit
nonzero H-L energy gaps. The largest energy gaps for the ring configurations are found in
CoBy, NbBj, and FeBg, with values of 1.055 eV, 0.907 eV, and 0.785 eV, respectively. Among
the drum configurations, the H-L energy gaps for MoByj, CrBg, and MnByg (1.088 eV,
0.822 eV, and 0.804 eV, respectively) are larger compared to other drum structures. It is
well established that DFT-based approaches systematically underestimate energy gaps [41].
Therefore, the true H-L energy gaps of the clusters may be even twice larger. Structures
with large H-L energy gaps are associated with high kinetic stability and low chemical
reactivity, making them promising candidates for future applications.
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Table 1. Calculated parameters related to each studied structure: bond length between boron atoms
(dp—B), bond length between boron and metal atoms (dg_1\p), point group (PG), magnetic moment
(m), H-L energy gap, and binding energy (Ej).

MBn dB—B dB—TM PG m H-L Gap Eb
(A) (A) (1B) (eV) (eV)
TiBg 1.578 2.226 Cs 4 0.541 —9.667
TiBy 1.558 2.335 Cs 3 0.090 —10.692
TiByg 1.536 2.485 Doy, 2 0.617 —11.106
TiB1g 1.639 2.275 Cs 0 0.392 —8.214
TiBqg 1.608 2.460 C1 2 0.246 —9.245
TiByg 1.579 2.593 C 2 0.312 —7.925
CrBg 1.587 2.073 Dyy, 4 0.004 —11.476
CrBo 1.551 2.269 Cs 3 0.367 —12.495
CrByg 1.524 2.466 Cop 2 0.357 —12.152
CrByg 1.614 2.209 Coy 0 0.822 —11.234
CrByg 1.588 2.432 C 1.8 0.122 —10.471
CrBy 1.608 2.645 )} 4 0.425 —8.272
MnBg 1.572 2.054 Dy, 3 0.486 —7.288
MnBy 1.542 2.255 Cop 2 0.880 —7.733
MnBg 1.530 2473 Cop 3 0.264 —7.128
MnByg 1.602 2.235 Coy 1 0.804 —6.472
MnBg 1.584 2.431 Cy 1 0.558 —5.397
MnBy 1.602 2.723 G 3 0.439 —3518
FeBg 1.564 2.065 Cyao 2 0.016 —10.866
FeBg 1.533 2.241 Coy 1 0.785 —12.050
FeBy 1.523 2.461 Con 2 0.274 —11.099
FeBi¢ 1.594 2.231 Cup 1.49 0.063 —9.955
FeBig 1.581 2.445 G 2 0.324 —8.645
FeByo 1.617 2.760 Cq 2 0.268 —7.918
CoBg 1.564 2.044 Dy, 1 0.001 —15.709
CoBy 1.539 2.234 Coy 0 1.055 —15.889
CoByp 1.522 2.462 Dy, 3 0.404 —14.585
CoByg 1.591 2.232 Cuap 1 0.297 —13.398
CoBis 1.579 2.443 Cs 1 0.311 —11.828
CoByg 1.619 2.749 Cy 1 0.258 —11.881
NbBg 1.653 2.157 Dy, 3 0.504 —10.702
NbBg 1.573 2.300 Coy 2 0.418 —13.055
NbBy 1.533 2.481 Doy, 1 0.907 —13.451
NbB4 1.661 2.306 Cs 1 0.322 —10.318
NbBg 1.561 2477 Cy 1 0.362 —-12.179
NbByg 1.573 2.674 C 0 0.000 —10.937
MoBg 1.628 2.126 Dy, 2 0.419 —12.395
MoBg 1.560 2.281 Coy 244 0.080 —14.021
MoBy 1.524 2.467 Cs 0 0.092 —13.998
MoBy¢ 1.658 2.249 Coy 0 0.616 —11.811
MoBsg 1.602 2431 Cq 0 0.415 —12.663
MoByg 1.568 2.760 C1 0 1.088 —10.871

The PDOS spectra for all the clusters can be found in Section SI of the Supplementary
Materials (SM). These spectra are valuable for studying the contribution of different atomic
orbitals to the density of states in the studied clusters, particularly at and near the Fermi
level, Eg. They also aid in visualizing the contribution of atomic orbitals to the magnetic
properties of the clusters (e.g., to the shift between the spin-up and spin-down PDOS).
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In general, the p-orbitals of boron and the d-orbitals of TMs make the most significant
contributions to the density of states at the Er. However, in specific cases such as TiBy,
FeBg, CoBg, and NbBy, the contribution at the Ep comes solely from boron p-orbitals. A
combination of boron p and TM d orbitals contribute to the density of states at the Ep for
CI‘Bg, CI‘B18, FeB16, MOBg, and MOBlo.

Cluster-specific observations, as inferred from the PDOS spectra, show distinct con-
tributions to the highest occupied states, which can be summarized as follows: In the Ti
series, B p-orbitals dominate in TiBy, TiBjp, and TiBy. In contrast, a mix of B p and TM
d occurs in TiBg, TiB14, and TiByg. In the Cr series, B p-orbitals significantly contribute in
CrBg and CrByg, and a mix of B p and TM d contributions occur in the rest of the Cr-based
clusters. In the Mn and Fe series, the clusters frequently exhibit combined B p and TM d
contributions with a consistent magnetic character. For Co-based clusters, the electronic
configurations reveal that boron p-orbitals dominate the highest occupied states in CoBg,
CoBj¢, CoB1g, and CoByy, all of which are magnetic except for CoBg, which lacks an H-L
energy gap. In contrast, CoBg and CoBj exhibit contributions from both boron p- and TM
d-orbitals to the highest occupied states, with CoBg being nonmagnetic and CoBjy mag-
netic. Similarly, in Nb-based clusters, boron p-orbitals primarily contribute to the highest
occupied states in NbBg, NbB4, and NbByg, which are magnetic with H-L energy gaps,
and NbB,p, which is nonmagnetic without an H-L energy gap. Clusters NbBg and NbByg
exhibit combined contributions from boron p- and TM d-orbitals, maintaining magnetic
properties and distinct H-L energy gaps. Finally, in the Mo series, most of the structures are
nonmagnetic (e.g., MoByg and MoBy), which is reflected in the symmetry of the spin-up
and spin-down PDOS, contrasting with the magnetic nature of smaller clusters like MoBg.

These observations highlight the nuanced role of TM d-orbitals and B p-orbitals in
shaping the electronic and magnetic characteristics of borometallic clusters. The variability
in orbital contributions underscores the tunable properties of these materials.

3.3. Vibrational Properties

The vibrational properties of the structures were analyzed using phonon computations
to assess their stability. These calculations provide valuable insights into the dynamic
behavior and structural integrity of the systems under study. According to the literature [42],
a cluster is considered stable if all its real vibrational frequencies are positive and the
minimum vibrational frequency, denoted as f,,;;,, is significantly large. Table 2 presents the
values of f,;, for each cluster. For the ring configuration, TMBg and TMBg with TM = Tij,
Cr, Mn, Fe, or Co have the highest values of f,;,,, whereas TMBg and TMBy clusters have
the highest f,,;;, for TM = Nb and Mo. Interestingly, the FeB1q cluster in our calculations is
at the border of stability as its f,,;;, value is small but negative. For the drum configurations,
there is less regularity, and large values of f,,;,, are obtained for CrBj¢, while the lowest
value is for MnBy. Our results for f,,;, are in close agreement with a study by Pu et al. [19],
where the values of f,,;, for FeBg and CoBg were 110.5 cm™~! and 96.7 cm !, respectively.
The complete list of phonon frequencies for each cluster is provided in Section SII of SM.

3.4. Dynamic Properties

To further verify the stability of the ring and drum structures, we performed quantum
molecular dynamics (MD) simulations at two different temperatures with the choice of 1 fs
for the time step. Each run was 3.5 ps long. At a temperature of 300 K, the ring and drum
structures maintain their shape during the MD run, and no significant deformations occur.
Both structure types deform at a temperature of 600 K but retain their wheel-like structure.
This is shown in Figure 2 on the example of CoBg and MnByg. It is worth noting that MnB;g
has one of the smallest Ej, in absolute value.
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Table 2. Minimum vibrational frequencies for each studied cluster.

Ring Fomin (cm™1) Drum Fmin (cm™1)
TiBg 206.22 TiByg 48.41
TiBg 123.91 TiBg 65.62
TiByg 85.00 TiByg 78.17
CrBs 87.93 CrByg 160.53
CrBy 196.47 CrByg 59.27
CI‘BlO 44.03 CI'B20 89.9
MnBg 140.21 MnB4 122.13
MnB, 135.68 MnBig 130.70
MnBy 69.60 MnB, 27.00
FeBg 133.40 FeByg 75.14
FeBg 128.48 FeBig 79.27
FeBm —22.1 FeB20 64.30
CoBs 132.22 CoBy 55.24
CoBy 102.07 CoBg 70.30
COBlO 78.0 COBZO 90.34
NbBg 45.69 NbByg 153.38
NbBy 93.35 NbBss 38.60
NbBy 87.85 NbBg 102.61
MoBg 29.26 MoBy4 86.96
MoBg 95.29 MoB3 41.17
MoBg 68.08 MoByg 106.48

300+

Temperature (K)

CoB

9

Figure 2. Ab initio molecular dynamics simulations at 300 K and 600 K. The top and side views of
CoBg and MnByg clusters are shown for each temperature.

3.5. Magnetic Properties

The magnetic moment values, denoted as m, for each cluster, are listed in Table 1.
Generally, the value of m decreases as the number of boron atoms in the ring increases
from 8 to 10. In contrast, an opposite trend is observed for drum structures, with m tending
to increase as the number of boron atoms in the TMB,, structure increases (from 16 to
20). Interestingly, the m values for CoB, and MoB,, drum structures are independent of ,
remaining equal to 1y and Opup, respectively.

The contribution from boron and TM atoms to magnetization is illustrated in Figure 3.
In general, the contribution from TM atoms to total m is large. However, in most cases, the
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boron atoms become polarized, resulting in a non-zero contribution to m. Specifically, for
TMBg clusters, the boron contribution (represented by the yellow line) to m is consistently
larger than the TM contribution (represented by the blue line). Conversely, metals demon-
strate dominance in the case of TMB structures. For drum configurations, both metal and
boron atoms consistently exhibit positive (or zero) contributions to m, except for the case
of Mn, where boron atoms have slightly negative local magnetization. The case of NbB,
clusters is particularly interesting, as TM atoms induce the magnetization, but m is entirely
localized on the boron atoms.
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Figure 3. Total magnetic moment 7 and local magnetic moment contributions on the y-axis versus the
cluster type in the x-axis. The contributions come from the TM (TM = Ti, Cr, Mn, Fe, Co, Nb, or Mn)
atom and the boron atoms of each TMB,; cluster. In the graph, the total magnetization is represented
by yellow triangles, the magnetization due to boron atoms is represented by blue triangles, and the
red squares represent the contribution from the TMs. The lines are guides for the eye.

The result presented in Figure 3 can be spatially visualized by drawing the difference
between the spin-up charge density (p!) and the spin-down charge density (o*):

spin polarization density = o' (F) — p*(7).
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This can be seen in Figure 4 where the positive and negative values of the spin polarization
density are represented with yellow and cyan, respectively. This figure clearly shows
that the boron atoms in all clusters become polarized, and this polarization significantly
influences the total value of m. Our Lowdin population analysis provided in Section SIII
of SM quantitatively demonstrates this. This analysis evidenced, in most cases, a charge
transfer from/to the TM atom, which gives rise to polarization effects on the boron atoms
that, as a result, contribute to the total m. The results suggest that the polarization of boron
atoms is important in modulating the electron distribution, which may affect the cluster’s

reactivity and interactions in different environments.

0.0015

0.0025 0.0025 0.0025 4x10® 4x10®

Figure 4. Difference between the spin-up charge density and the spin-down charge density. Positive
and negative values are represented with yellow and cyan, respectively. The value of the iso-surface
is given below each system.
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4. Summary and Conclusions

The successful integration of TM atoms into the core of planar boron clusters B,
creates a fascinating class of borometallic molecules. In our study, we present the results of
first-principles calculations aimed at examining the structural, electronic, and magnetic
properties of boron rings with a TM atom in the center, TMB,, (with TM being Ti, Cr, Mn, Fe,
Co, Nb, or Mo, and n being 8, 9, or 10), as well as boron double-rings sandwiching the metal
atom, TMBy,,. In these molecular structures, each B atom in the circumference provides
two electrons to the B-B peripheral covalent bonds and one electron to the delocalized
B-TM bonds. Consequently, a TM atom with the appropriate number of valence electrons
can be accommodated in the center of the boron wheel to form the TMB,, clusters, resulting
in a structurally and dynamically stable borometallic cluster compound. Most of the
studied clusters also possess relatively high H-L energy gaps, which may suggest low
chemical reactivity. Our investigation also indicates that the overall magnetic moment
of the clusters is a combination of the magnetic moment of the central TM atom and the
induced magnetic moment of the peripheral boron atoms. These molecular-based magnets
provide a platform for studying magnetism in the zero-dimensional limit. Furthermore,
the TMB,,, clusters can be building blocks for one-dimensional tubular forms.
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Abstract: A boron-rich boron—carbide material (B4, 5C) was synthesized by spark plasma sintering of
a ball-milled mixture of high-purity boron powder and graphitic carbon at a pressure of 7 MPa and a
temperature of 1930 °C. This high-pressure, high-temperature synthesized material was recovered
and characterized by X-ray diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy,
Vickers hardness measurements, and thermal oxidation studies. The X-ray diffraction studies revealed
a single-phase rhombohedral structure (space group R-3m) with lattice parameters in hexagonal
representation as a = 5.609 + 0.007 A and ¢ = 12.082 + 0.02 A. The experimental lattice parameters
result in a value of & = 0.55, or the composition of the synthesized compound as By 55C. The high-
resolution scans of boron binding energy reveal the existence of a B-C bond at 188.5 eV. Raman
spectroscopy reveals the existence of a 386 cm~! vibrational mode representative of C-B-B linear
chain formation due to excess boron in the lattice. The measured Vickers microhardness at a load of
200 gf shows a high hardness value of 33.8 &+ 2.3 GPa. Thermal gravimetric studies on B4 55C were
conducted at a temperature of 1300 °C in a compressed dry air environment, and its behavior is
compared to other high-temperature ceramic materials such as high-entropy transition metal boride.
The high neutron absorption cross section, high melting point, high mechanical strength, and thermal

oxidation resistance make this material ideal for applications in extreme environments.

Keywords: boron—carbon system; thermal oxidation; extreme environments; mechanical properties;
Raman spectroscopy

1. Introduction

The boron-rich boron—carbide materials are of interest because of their high strength
and abrasion resistance applications, their high neutron absorption cross section in nuclear
reactor control applications, and their incorporation in the fabrication of light-weight com-
posites in body armor applications. One contributor to boron’s complexity is its propensity
to waver between metallic or insulating properties, which arises due to frustration caused
by the localization of its three valence electrons [1]. As of 2017, even boron’s most un-
derstood allotropes frequently have disagreeing theoretical predictions and experimental
observations of their electronic properties [2]. One industry in which boron has a wide
impact is the nuclear industry. '°B has a neutron cross section of 3840 barns, making it
highly effective at capturing neutrons from fission chain reactions [3]. Once absorbed, the
19B nucleus decays into an alpha particle and a lithium nucleus [4], which are unable to
continue the fission reaction. This makes 1°B,C an excellent option for control rods used to
adjust the rate of fission in a reactor, as well as neutron shielding in general. Boron-rich
boron—carbon compounds could offer high-strength materials that, due to being mostly
boron, still offer high neutron absorption rates.

Boron icosahedra (Bjy), a unique structure that forms in boron isotopes and com-
pounds, has been studied extensively under ambient and high pressures [5,6]. In the
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boron—carbon system, B5yC; (3.8 atomic percent carbon) has been studied in detail and
synthesized in a metastable state by a variety of methods [7-9]. For slightly higher atomic
concentrations, approximately 8.8 atomic percent of carbon, it has been shown that boron
icosahedra interconnects with tri-atom chains to form stable structures [10,11]. We are
interested in the composition range between 8.8 atomic percent and 20 atomic percent
carbon, where the rhombohedral By, 5C phase is expected to be stable and whose thermal
and mechanical properties can be investigated in detail.

This study establishes a method of direct synthesis of boron-rich boron—carbide mate-
rial (B4 5C) starting from precursor material containing high-purity boron powder mixed
with graphite powder at high pressures and high temperatures. A single-phase rhombo-
hedral structure has been synthesized in bulk and characterized by a variety of analytical
techniques. The thermal oxidization in air has been characterized up to 1300 °C and
compared with other high-temperature ceramic materials.

2. Materials and Methods

In the synthesis process, boron powder (99.99% purity from SkySpring Nanomate-
rials, Houston, TX, USA) and graphite powder (99.9995% purity from Thermo Scientific,
Waltham, MA, USA) were mixed to have a 3.8% atomic concentration for the intended
composition of the B5pC, compound. For the 3.8 atomic percent precursor, 7.0005 g of
boron powder was mixed with 0.3112 g of carbon powder. The powders were loaded into
a tungsten carbide canister with two 7-g tungsten carbide balls and 15 mL of acetone. The
container was then loaded into a SPEX, Metuchen, NJ, USA, 8000M MIXER/MILL. The
material was ball-milled for 6 h in 1-h segments, with 12 min of cool-down time between
each to ensure the mill did not overheat. Once finished, the canister and material were
placed open into a Thermo Scientific, Waltham, USA, lab-line vacuum oven at ambient
temperature for 45 min to allow the residual acetone to evaporate. The material was
then removed from the canister and put through a #400 sieve to ensure no large granules
were left.

Spark plasma sintering (SPS) was used to sinter and synthesize the precursor powder
once it was made. SPS was performed in a DR. FRITSCH, Fellbach, Germany, FAST /SPS-
Sintering Press DSP 507. A five-part die system was used, consisting of an outer cylindrical
mold and an interior cylindrical mold in two pieces, as well as a top and bottom punch.
The outer cylindrical mold had partially drilled holes in the sides for later use with the
SPS system’s pyrometer. The sample is wrapped in a molybdenum sheet and then covered
with graphite foil. The molybdenum sheet was used to prevent contaminating the sample
with graphite, and the graphite sheet was used to ease the removal of the molybdenum
and sample from the mold after sintering was completed.

In each sample, either one or one and a half grams of material were loaded into the
mold. The outside of the mold was surrounded by a graphite blanket to help thermally
insulate it, with a hole cut in the blanket to allow the pyrometer to be aligned with the
drilled hole in the side of the outer mold piece. A piece of graphite blanket was also used
on the top of the mold, with a hole cut out for the upper punch. To protect the pistons in
the SPS system, silicon—carbide plates were used on the top and bottom of the mold.

Once loaded, the sample was compressed to 3 MPa to confirm the mold would
compress properly. The system was then sealed and evacuated, and nitrogen gas (95%
Nj, 5% Hj) was pumped into the system at a rate of 20 L per minute. The sample was
then compressed to 7 MPa and rapidly heated to its max temperature, between 1500 and
1930 °C. The average heating rate was 45 °C/min. The sample is then left for 10-20 min at
max temperature before being cooled to 300 °C. The average cooling rate was 50 °C/min.
Once cooled to 300 °C, the nitrogen gas was cut off and the chamber was purged. The
sample was then removed from the chamber to finish cooling.

Polishing was used to clean the samples post-sintering. Once the sample was fully
cooled and removed from the mold, the outer layers of molybdenum and graphite had to
be removed. The graphite layer could be removed with a straight edge, while significant
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portions of the molybdenum sheet would have to be removed from the sample by polishing.
The samples were polished using diamond grit sandpaper at 300 rpm. This was used to
prepare the sample for XRD by flattening the top and bottom surfaces of the sample parallel
to each other and making sure the sides were perpendicular to the top and bottom surfaces.
Several samples were also further polished for microhardness testing. This was carried out
by casting the samples in quick-cure epoxy with one surface of the sample exposed. The
surface was then polished with increasing grit sandpaper to produce a smooth, flat surface.
The grits used were 180, 320, 400, 600, 800, 1200, and 1500.

X-ray diffraction (XRD) was performed on the samples once polished. The samples
were studied using powder XRD in an Empyrean X-ray Diffraction System, which was
manufactured by Malvern Panalytical B.V., Almelo, Neverlands. The resulting XRD data
was analyzed using High-Score plus (version 4.8) and GSAS II. The XRD patterns were
collected on boron and graphite precursors as well as synthesized By, 5C samples.

Thermal oxidization measurements were conducted during a thermogravimetric
analysis (TGA) stage. The Linsies Robbinsville, USA, STA PT 1600(TGA-DSC) is capable of
reaching a temperature of 1600 °C while controlling the atmospheric conditions inside the
furnace. A type-k thermocouple was used to read the sample temperature inside the A1203
crucible. The type-k thermocouple is a long, thin alumina rod that lifts the crucible above
the high-precision beam balance and into the furnace. As temperature changes, thermal
expansion will cause the long stem to bend, resulting in a change in the center of mass,
which is seen as a perceived mass change. This bending is repeatable and is accounted for
by creating zero curves, which are made by cycling the TGA stage through the desired
heating profile with the empty crucible repeated 3-5 times. These curves are then averaged
together and subtracted from the actual measurement curve.

3. Results

Figure 1 shows the B4, 5C sample synthesized at 7 MPa and 1930 °C and recovered
from the sample assembly in the spark plasma sintering system.

Figure 1. Handheld By, 5C sample synthesized by the spark plasma sintering process. The image
shown is during the polishing process, and the silver-colored streaks are from molybdenum foil
surrounding the sample that still needs to be removed.

Figure 2 shows the measured X-ray powder diffraction pattern of the synthesized
sample with an X-ray wavelength of A = 1.5406 A. Figure 2 also shows Rietveld refinement,
resulting in a fit to the rhombohedral structure (space group R-3m) with lattice parameters
in hexagonal representation as a = 5.609 & 0.007 A and ¢ = 12.082 + 0.02 A (PDF#35-0798
from the JCPDS data base). There is also a small amount of MoB, phase (approximately 3%)
present in the Rietveld refinement resulting from the formation of molybdenum diboride
between the sample powder and molybdenum foil during the spark plasma sintering
process. The residual MoB, is on the surface of the sample and can be removed with further
polishing. The fitted lattice parameters of the MoB, impurity phase are a = 3.038 A and
c=3.068 A.
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Figure 2. The measured X-ray diffraction pattern for the synthesized By, sC sample recorded with
an X-ray wavelength of A = 1.5406 A. Rietveld refinement of the X-ray diffraction results in the
assignment of a rhombohedral phase of By, sC with a lattice parameter described in the text. A very
weak (3%) MoB, phase was detected due to the small amount of impurity from the sample container

in the synthesis process. A very low-intensity diffraction peak from free carbon in the sample is
labeled as (C).

The lattice parameters of the rhombohedral phase of B4, sC compounds have been
extensively studied in the range of carbon from 8.8 atomic percent to 20 atomic percent [12].
In Figure 3, we show our measured lattice parameters and unit cell superimposed on
the data from Ref. [12]. From this superposition, we estimate our atomic concentration
of carbon to be 18%, or the composition of the compound to be By 55C. We started with
3.8 atomic percent carbon in the precursor material; however, molybdenum foil surround-
ing the sample serves as a sink of boron, and a carbon rich B, 55C phase is formed during
the spark plasma sintering process. Such a determination is consistent with the Raman
spectroscopy data described later in this paper.

Figure 4 shows X-ray photoelectron spectroscopy (XPS) of the By 55C sample using a
Phi Electronics, Inc., Chanhassen, USA, Versaprobe Il equipped with a monochromatic Al
X-ray source with a 100 pm spot size at 25 W. The high-resolution scan of the boron Bls peak
was taken with a 0.1 eV step size and a pass energy of 23.5 eV. Our XPS analysis shows that
64.7% of the boron is B-B bonded (binding energy of 187.32 eV), and the remaining 35.3% is
B-C bonded (binding energy of 188.5 eV). This B-C binding energy is consistent with the
value of 188.6 eV reported for chemical states of boron Bls reported for boron—carbide in
the literature [13].

Figure 5 shows the Raman spectrum from the B, 55C sample in the 200-1300 wavenum-
bers range recorded with a laser wavelength of 532 nm. Several high-frequency modes in
the range of 700 cm ™! and 900 cm ! are attributed to intra-icosahedral or inter-icosahedral
B-B bonds, while the strong Raman band at 1084 cm ! is attributed to the breathing mode
of the icosahedron [14]. It should be noted that, in comparison to the Raman spectrum
of stoichiometric B4C [14], Figure 5 shows additional Raman modes at 386 cm ! and
1161 cm~!. These additional Raman modes are characteristic of boron-rich boron—carbide
materials, as 1161 cm~! mode is thought to occur from a change in the breathing mode of
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icosahedron due to excess boron, and 386 cm ™! mode is attributed to boron substitution,
leading to the formation of the C-B-B linear chain in a boron-rich boron—carbide material.

5.65

5.64 -
5.63 - A

5.62 -

a (A)

5.61 |
_ Mot

5.60 - *A

12.18 -
12.16
12.14 A

1212 -

c (A)

12.10 | A
12.08 *x a

12.06 -

336w m

334 |- ]

332 -

330 -

Volume (A®)

|
*..

328 | By

3o v
8 10 12 14 16 18 20

Atomic percent carbon

Figure 3. Our measured lattice parameters and unit cell volume for the rhombohedral phase of By, sC
in the hexagonal representation marked by asterisk * is superposed on data from Ref. [12] between
atomic percent carbon range of 8.8% and 20%. This superposition results in 18 atomic percent carbon
or material composition B4 55C in our case.
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Figure 4. The measured X-ray photoelectron spectroscopy (XPS) high-resolution scan of the boron 1 s
peak from the B4 55C sample showing a doublet structure with peaks at 188.5 eV (B-C bonding) and
187.32 eV (B-B) bonding.
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Figure 5. The Raman spectrum of the By 55C sample recorded with a laser excitation of 532 nm. The
Raman mode frequencies are indicated, and their assignments are discussed in the text.

The thermal oxidization resistance of the B4 55C sample was measured in compressed
dry air at a temperature of 1300 °C. The previous high-temperature oxidation behavior
of boron—carbide has been limited to a temperature of 1000 °C [15]. To have a precise
comparison between various experimental runs on the By 55C sample and a comparison
with other high-temperature ceramics, all samples were sectioned into cubes so that their
surface area could be measured, allowing the measured gain in mass to be normalized by
surface area. Once the sample mass and surface area are recorded, the sample is loaded into
the TGA furnace. Air is then evacuated from the furnace/balance chamber and then refilled
with compressed dry air. Compressed dry air is slowly circulated through the furnace
to replenish the oxygen supply. Figure 6 shows the results of two different experiments
on By 55C samples at 1300 °C labeled B-C Expt.1 (27.5 mg sample with a surface area of
33.27 mm?) and B-C Expt.2 (18 mg sample with a surface area of 27.45 mm?). The two
experimental high-temperature runs are in reasonable agreement with each other, given the
experimental uncertainties. Figure 6 also shows a similar thermal oxidation study at 1300 °C
on a high-entropy boride (HEB) with a chemical composition of (HfMoNbTaZr)Byy, It is
important to note that the thermal oxidation resistance of the By 55C sample is better than
that of high-temperature ceramics such as HEB, especially at temperatures approaching
1300 °C.
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Figure 6. The measured increase in mass expressed as mg/mm? of the By 55C sample and a high-
entropy boride (HEB) as a function of temperature up to 1300 °C. Both samples were heated at
a constant rate of 2° per min, and mass gain was normalized to surface area for a quantitative
comparison. The zero curve with an empty crucible has been subtracted from all the data.

Vickers hardness measurements were performed using a Phase II+ 900-390A Micro
Vickers Hardness tester (TEquipment, Long Branch, NJ, USA). The measured hardness
data for the B, 55C sample at various loads with a dwell time of 15 s is shown in Table 1.
Our measured value of hardness of 33.8 GPa at a maximum load of 200 gf is slightly higher
than the 28-30 GPa values reported for various boron-rich boron—carbide materials [14]
and could be related to differences in the microstructure of synthesized materials.

Table 1. Measured Vickers hardness for the By 55C sample at various applied loads with dwell times

of 15 s each.
Applied Load in g Vickers Hardness (GPa)
50 gf 39.2 + 5.1 GPa
100 gf 37.0 £ 0.8 GPa
200 gf 33.8 £ 2.3 GPa

4. Discussion

Our direct synthesis of boron-rich boron—carbide material using spark plasma synthe-
sis at high pressure and high temperatures indicates the stability of a rhombohedral phase
with a composition of B4 55C (18 atomic percent carbon). These results are consistent with
the fact that a single rhombohedral phase is stable between the range of By 4C (8.8 atomic
percent carbon) and B4C (20 atomic percent carbon). The X-ray photoelectron spectroscopy
measurements reveal the characteristic binding energy of 188.5 eV for a boron—carbon
bond established between the carbon and boron precursors during the high-pressure, high-
temperature sintering process. The high hardness value of 33.8 GPa for B4 55C material
is consistent with it being the third hardest material behind cubic boron nitride and dia-
mond. Raman spectroscopy of By 55C material documented the presence of an additional
vibrational mode at 386 cm ™! that is attributed to excess boron that replaces carbon in
the linear chain C-B-C to C-B-B. In addition, excess boron results in the distortion of the
breathing mode of the boron icosahedron and results in a new Raman mode at 1161 cm™1.
The thermal oxidation studies in compressed dry air on By 55C material show less mass
gain per unit area at 1300 °C as compared to the high-entropy transition metal boride,
establishing it as a prime candidate for applicability in extremes of pressure, temperatures,
and oxidizing environments. Future studies should aim at extending the thermal oxidation
resistance of boron-rich boron—carbide materials to higher temperatures of around 2000 °C.
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5. Conclusions

We report on the direct synthesis of boron-rich boron—carbide By, 5C material using a
ball-milled mixture of graphite and boron powders by spark plasma sintering at a pressure
of 7 MPa and at a temperature of 1930 °C. The synthesized material is a rhombohedral phase
with measured lattice parameters in hexagonal representation of a = 5.609 + 0.007 A and
¢ =12.082 + 0.02 A, and comparison with published trends shows the composition to
be B4 55C. X-ray photoelectron spectroscopy reveals a B-C bond with a binding energy
of 188.5 eV, and Vickers hardness yields a high hardness value of 33.8 GPa. Raman
spectroscopy has identified a new vibrational mode at 386 cm ™! representative of C-B-B
linear chain formation due to excess boron in the lattice. There is an additional vibrational
mode at 1161 cm ™! that can be attributed to the distortion of the breathing mode associated
with the boron icosahedron. The quantitative thermal oxidation in compressed dry air
indicates that B4 55C material has a better oxidation resistance behavior at 1300 °C compared
to high-temperature ceramics such as the high-entropy transition metal borides. The
high neutron absorption cross section, high melting point, high mechanical strength, and
thermal oxidation resistance make the boron-rich boron—carbide material ideally suited for
applications in extreme environments.
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Abstract: The idealized rhombohedral unit cell of boron carbide is formed by a 12-atom icosahedron
and a 3-atom linear chain. Phase transitions are second order and caused by the exchange of B
and C sites or by vacancies in the structure. Nevertheless, the impact of such minimal structural
changes on the properties can be significant. As the X-ray scattering cross sections of B and C
isotopes are very similar, the capability of X-ray fine structure investigation is substantially restricted.
Phonon spectroscopy helps close this gap as the frequency and strength of phonons sensitively
depend on the bonding force and mass of the vibrating atoms concerned. Phase transitions known
to date have been identified due to significant changes of properties: (1) The phase transition
near the chemical composition BgC by clear change of the electronic structure; (2) the endothermic
temperature-dependent phase transition at 712 K according to the change of specific heat; (3) the
high-pressure phase transition at 33.2 GPa by the drastic change of optical appearance from opacity
to transparency. These phase transitions affect IR- and Raman-active phonons and other solid-state
properties. The phase transitions at B.gC and 712 K mean that a well-defined distorted structure
is converted into another one. In the high-pressure phase transition, an apparently well-defined
distorted structure changes into a highly ordered one. In all these cases, the distribution of polar C
atoms in the icosahedra plays a crucial role.

Keywords: boron carbide; phase transition; structural disorder; electronic properties; phonons

1. Introduction

Boron carbide is one of the technically most important boron-rich solids. Outstanding
properties such as low density (2.52 g/cm?), high melting point (T, ~2700 K), and extreme
hardness (~40,000 MPa) predestine boron carbide for application under conditions that are
inaccessible for most other materials. Therefore, it is one of the best-investigated boron-
rich solids where its structures are based on By, or related icosahedra. The complexity of
the structure and extraordinary electronic properties have attracted attention. Regarding
technical application, boron carbide is the most important boron-rich material. Over the
last century, its hardness and chemical stability have been utilized in powders for grinding
and polishing, in nozzles for sandblasting, and in mortars (see A. Lipp [1]). Meanwhile,
high-temperature ceramics and lightweight armoring of objects and persons have become
important. High neutron absorption of the B isotope allows application for neutron
shielding and control rods in nuclear devices. Domnich et al. [2] reviewed such applica-
tions. In general, due to its extraordinary properties, boron carbide is highly promising
for application under extreme conditions, such as high temperatures and mechanical or
chemical burdens. Mostly in such applications, details of the complex crystalline structure
of boron carbide, such as the distribution of C atoms, are of subordinate significance.

This does not apply in the case of the electronic properties. Optical appearance and
electronic transport properties characterize boron carbide clearly as a p-type semiconductor
(see [3,4]). However, untypical behavior indicates the strong impact of structural defects.

The high Seebeck coefficient (S~300 mVK ™! up to at least 2000 K) is a promising
potential for direct thermoelectric energy conversion (see [5]).
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Further uncommon effects, such as low-T specific heat anomaly [6] and the effects
of fast neutron irradiation on the thermal conductivity [7], might also be associated with
structural changes.

At least concerning details, the crystalline structure of boron carbide has not yet been
finally determined. The formerly frequently and even currently occasionally assumed
representative compound B,4C (structure formula (B1;C) CBC) does not exist in reality.
B4 3C is the real compound achieved in commercially produced boron carbide [8,9] and
in single crystals [10]. If B4C is obtained, excess carbon is precipitated in the structure,
typically in the form of graphitic layers [11,12]. Unlike B4 3C at the carbon-rich limit, the
boron-rich limit of the homogeneity range is less well-defined. A few samples, whose
C content was clearly below B;;C, were unambiguously characterized as boron carbide,
albeit with a large error margin of lattice parameters (see [13] and references cited therein).
Otherwise, 3-rhombohedral boron with clearly higher C content has been obtained (see [14]
and references cited therein). Therefore, the coexistence of both structures in a certain range
cannot be excluded. Theoretical studies claim the structure model (B1,) CBC to be the
energetically most favorable, while various experiments have proved this compound to be
the most distorted one in the whole homogeneity range (see Reference [3]).

Phase transitions, structural changes related, and their effect on some other solid-state
properties are the object of this paper.

2. Structure

Figure 1 [13] shows the rhombohedral unit cells of x-thombohedral (c-rh. B; idealized
structure formula Bq,) boron and boron carbide (idealized structure formula (B,) CBC
and (B11C) CBC), respectively. The actual structures differ more or less decisively—in
a-thombohedral boron, IR phonon spectra suggest the existence of additional single B
atoms [15]. In boron carbide, where its homogeneity range extends from B4 3C at the
carbon-rich to about By;C at the boron-rich limit, high-density structural defects have been
identified and impact the electronic properties decisively [16,17].

AN

VA

D
2,

.,’\

AT

o-rhombohedral B Boron Carbide
Bi2 CBC (idealized)

Figure 1. Idealized rhombohedral unit cells of a-rhombohedral (structure formula B1;) boron and
boron carbide (structure formula B, CBC) [12]. In (B11C) CBC at the carbon-rich limit, the icosahedral
C atom occupies one of the B(1) polar sites. Reprinted from Ref. [13] published by Elsevier Masson
SAS. All rights reserved.

The defects in boron carbide are mainly formed by the exchange of B and C atoms on
regular sites or of minor concentrations on unoccupied sites. X-ray diffraction averaging
larger volumes yields the basic parameters of boron carbide reliably, but it is largely
unsuitable to analyze individual compositions of the components. Due to the similar X-ray
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Share of icosahedra in boron carbide

o)

scattering cross sections of 1B, 1B, and '2C isotopes, the capability of X-ray fine structure
investigation is significantly restricted. Phonon spectroscopy helps close this gap.

Helpful in this respect is the comparison of the spectra of IR- and Raman-active
phonons with those of x-rhombohedral boron having the same icosahedral structure;
however, without C atoms on polar sites of the icosahedron and without CBC or these
replacing other structure elements. Figure 2 compares the IR-phonon spectra of single
crystal natg, .C boron carbide and a-rhombohedral boron (for comparison of the Raman
spectra, see References [18-20]). The spectrum of a-rhombohedral B was discussed in
Reference [15]. A detailed theoretical description was performed by Beckel et al. [21].
The spectra of boron carbide were analyzed by Werheit et al. (see Refs. [13,22] and the
references cited therein). The concentration of structure elements depending on the C
content is shown in Figure 3. Changes in some icosahedral vibrations in boron carbide in
connection with phase transitions are discussed below.
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Figure 2. IR-phonon spectra of B4 3C boron carbide and «-rhombohedral boron. The abscissas are
shifted relative to one another to facilitate the correlation of icosahedral vibrations.
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The existence of the following defects in the structure in the form of deviations from
the idealized structure formulas is generally confirmed:

e  Catom replacing B(1) in (B1;C) CBC; that means one of the six B atoms on polar sites
of the icosahedra is replaced by a C atom. The distribution of these C atoms is an
object of current investigation.

e  Carbon-rich limit of the homogeneity range: B4 3C (instead of B4C, formerly assumed
to be the actual compound of boron carbide) [6,7,14]. Hence, the real structure contains
5.7 at. % structural defects compared with the idealized (B;1C) CBC structure. This
also applies to high-quality single crystals, whose preparation is only possible in
the chemical composition B4 3C [8], and to single crystals growing accidentally in
industrial production (concluded from the electrical conductivity, see below Ref. [23]).

e  Vacancies of the B(3) site (9-28%, depending on composition) (see [14] and references
cited therein).

e (BB chains replace CBC with boron-rich boron carbides (Figure 3b, see [14] and
references cited therein).

B4 3C is the least distorted compound [14,15]. It does not contain any free carbon, for
example, systematically checked by Schwetz et al. [8,24] using a wet-chemical analysis
for determining free and bound carbon in boron carbide separately. B,3C is the only
compound allowing the preparation of high-quality single crystals [8].

Theoretical model calculations determined the idealized structure formula (B1,) CBC of
the compound B13C; as the energetically most favorable [25,26]. In fact, B13C; is the most dis-
torted boron carbide. Its highly complex structure (B12).5(B11C)o.50(CBC)g 65(CBB)g.16(BB)o.19
shows that about 80% of the unit cells contain any structural defect [4,27,28]. High concen-
trations of structural defects (with regard to idealized structures) are a generic property of
boron carbide structure.

The shares of structure elements in the unit cell depend on carbon content (see
Figure 3 [22]), preferably from the investigation of IR- and Raman-active phonons. The
comparably low share of BOB chains (O, vacancy) has not been measured but is used to
close the gap between the sum of atoms in the other structure elements determined and the
chemical composition. TEM studies by Rasim et al. [29] suggest that a variety of further
kinds of structural elements can replace the CBC chain. However, apart from this TEM
study, there is no further experimental evidence. Therefore, it cannot be excluded that such
structural elements are provoked by the preparation process of the sample.

Many theoretical studies on structural details in boron carbide are based on Raman
studies, which are affected by a severe systematic experimental error [18]. In cases of high
Raman excitation energy, the spectra do not reflect bulk properties. Hence, the results of
accordingly performed calculations merely end in themselves and do not yield scientific
progress (see, for example, the controversial discussions in [19,30-34]).

3. Electronic Structure of B4 3C at Ambient Conditions

Due to the availability of material, previous experimental studies of electronic proper-
ties are mainly restricted to polycrystalline boron carbide and especially to the compound
B4 3C. This also applies when the compound is nominally designed as B4C, as this is, in
reality, B4 3C with excess carbon typically distributed in the form of graphitic layers [11,24].
High-quality B4 3C single crystals were used in References [10,35,36]. Figure 4 shows a
collection of transition energies, consistently obtained from optical absorption such as those
shown in Figure 5, indicating interband transitions at 2.09 and 2.41 eV and from electrical
transport measurements (see [37—41] and references cited therein).
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Figure 4. Empirical band scheme of boron carbide based on experimental results (see [3,4] and

references cited therein).
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Figure 5. B4 3C. (a) Optical absorption edge [3,4,42]. Symbols, polycrystalline material; line, single
crystal. (b) X-ray Raman scattering (XRS) spectrum [43]. Symbols selected experimental data for
g =1.05 °A~1; line, site-specific ab initio calculation for the background of icosahedral B atoms. We
assume that the composition of this boron carbide corresponds to By 3C, the carbon-rich limit of the
homogeneity range; the composition B4C claimed by the authors does not exist (see above).

Off the absorption edge in Figure 5, there is a peak absorption in polycrystalline
boron carbide at 1.56 eV. On the first view, surprisingly, the absorption of high-quality
single-crystal boron carbide in this range is considerably higher. XRS emission (Figure 5,
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Feng et al. [43]) and luminescence [10,42] (Figure 6) suggest a p-type exciton associated
with the central B atom of the CBC chain. The luminescence peak consists of two com-
ponents, where the intensity relation is 4:1. This corresponds quite well with the relation
in "B, ;C 1'B/10B = 4.03 if random isotope distribution is assumed. The formation of
excitons requires largely undistorted structures. In B4 3C single crystals, this condition is
better fulfilled than in polycrystals, and at low T, it is better than at high T. This explains
the peculiarities in Figure 5. Hence, the gap state “Exciton” in Figure 4 is not evoked
by structural defects. However, the effects of structural defects on the optical absorption
cannot be excluded [44]. For example, at high pressure (see below), structural distortion
occurs by buckling out of the central B atom in the CBC chain [15,23,35,36].

T T T T y T

- Luminescence

nat,
B, 3C (290 K)

2
c
5 40
)
=
>
£ c-(’B)-C
g
E 20

0 . . .

1.54 4 1.56 1.57

Photon energy (eV)

Figure 6. B4 3C, photoluminescence spectrum at 290 K [42]. Excitation with the 514.5 nm (2.4 eV) line
of an Ar laser; intensity 280 mW mm 2. Squares, experimental results; thin black lines, averaged
experimental results, before and after subtracting the 1.56 eV model fit, respectively; thick colored
lines, recombination models of free excitons (1.560 and 1.5695 eV, respectively).

Former theoretical studies on boron carbide were not very helpful in understanding
the complex interactions between structural details and electronic properties [45-51], as
they were based on idealized structure models deviating more or less considerably from the
real structures. Thus, related conclusions were often in significant contrast to experimental
results. For example, the theoretically claimed metallic character or even superconduc-
tivity [48] was opposite to the semiconducting behavior experimentally proved from the
very beginning. Surprisingly, even in recent studies, the real structure of boron carbide is
frequently ignored.

4. Phase Transition Near the Compound BgC

Reliable information on the electronic structure of more boron-rich boron carbide is
obtained from electrical conductivity, measured between 5 and 2100 K by Werheit et al. [37],
by Wood [38,39] and by Aselage et al. [40]. Results obtained by Amulele et al. [41] up to 9
GPa pressure are compatible.

The activation energies obtained from the electrical conductivity are displayed in
Figure 7, showing that at ~BgC, the homogeneity range is divided into two parts with sig-
nificantly different electronic characteristics. The activation energy at about 80 meV found
in both regions is uncertain as obtained in that range of temperature, where a continuous
transition from thermal excitation to variable-range hopping takes place (see [37]).
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Figure 7. Phase transition near the compound BgC.

It is expected that this phase transition is correlated with a structural change. This
should be reflected in the phonon spectra. Figure 8 shows the IR- and Raman-active
phonons of 'B,C boron carbide [52,53]. We analyze some phonons showing changes
depending on the chemical composition.
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Figure 8. Phonon spectra of 1B, C at 30K [33,40]. (a), IR-active phonons; (b), Raman-active phonons.

On the basis of specific phonons, we check below how far structural changes are
involved in the phase transitions. In most cases, the phonons concerned are no single
modes but overlap in the spectrum. For separating the components, we used the “OriginPro
software for graphic and analysis,” allowing us to fit overlapping Gauss-like or Lorentz-
like resonances. The phonons, which are affected by passing the phase transition, cannot
be precisely attributed to concrete atoms or atomic arrangement. Accordingly, model
calculations, which could help clear this deficiency, are missing so far.

4.1. IR-Active Phonon Near 400 cm ™!

The phonon near 400 cm ™! is composed of two components (see Figure 9a), where

the frequencies (Figure 9b) and phonon strengths vary depending on the C content. Shirai
et al. [54,55] and Vast et al. [50,56] attribute the IR phonon mode near 400 cm ! to the
central B atom in the chain vibrating perpendicularly to the chain axis [27]. Experimentally,
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Phonon strength

this is confirmed for the component Ph 1, whose strength, depending on the C content,
precisely matches the share of CBC chains (Figure 9b). The considerably weaker component
Ph 2 of this phonon belongs to the icosahedral structure, accordingly with its counterpart in
the spectrum of c-rhombohedral boron (see Figure 2). This phonon was already mentioned
by Beckel et al. [21] but not described in detail (see [16]). Below, we perform an analysis of
the temperature dependence of this phonon.
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Figure 9. (a). IR-active phonon of 1B C near 400 cm ™! (All fits were obtained using the Origin
Pro software). (b). Phonon shift depending on C content and comparison between the reduction
of phonon strength (components 1 and 2) and relation of the phonon strength of component #1
depending on C content compared with the relative share of CBC chains in the structure (obtained
from the IR-active stretching vibration near 1600 cm~! in Figure 2b).

In Figure 9, no apparent change suggests a relation of this phonon to the phase
transition at Bg 1 C. However, the mode Griineisen parameter v of the IR-phonon (—3.21 at
low and +6.5 at high temperatures) deviating strikingly from all other phonons [36] suggests
a peculiarity. The previously assumed involvement of this phonon in the T-dependent
transition at 712 K [57] is checked below.

4.2. IR-Active Phonons Near 700 cm—1

The spectra of isotope-enriched samples (Figure 10a) exhibit clear changes depending
on C content. For interpretation, a denser sequence of spectra is required. Data on "B,C
are available ([57] Figure 10b). The results of the analysis (examples in (Figure 11a)) are
displayed in Figure 11b. Splitting of the component of this phonon near 760 cm ! into three
branches indicates a structural change at the phase transition. This phonon is correlated
with the strong 705 cm~ ! intra-icosahedral single-line Ay, mode in a-rhombohedral boron,
described by Beckel et al. [21], split in the boron carbide structure (see [16,31]).

64

Share of CBC chains



Materials 2023, 16, 6734

035 | T T T T T ! ! T T T at
8-
o | |-
0,30 ! nat —"8,,C
s -
£ o84 Bxc | |=——"8,C
=l et
0,25 - ° 160 K _MBW\C
i -
T 06 T 1 B1o3C|
020 =
kS /_/’/\\
x Q2 [
£ 04 | |
1 S~—
_/~/ / / BmC S /\
o g, 02 ! I~
1"
.,\/ / \’\ e esC g e P, S
0,0 | ! | ]
0,05 " N single crystal e !
B,.C
=
-t
1% NS RS S Tt N 111l X
660 680 700 720 740 760 780 800 680 700 720 740 760 780 800 820

Wave numbers (cm”) Wave numbers (cm')
(a) (b)

Figure 10. IR-active phonons near 700 em L. (a), UBLC at 30 K; (b), ™B,C at 160 K, phonon-
wavenumbers of "B, 3C and "By 3,C.

680 700 720 740 760 780 800 820

087 _Bu »C 7
PH1 6836 Ph4 7258
Al 424 A4 185

04+ Ph2 6882 Ph5 776.5q

A5 651 780
760 - -
)
= o
= E
5] % 740 4 B
= g
= =
[} 2 720+ |
> o
c ]
2 s
5 700 - -
T "B, ,C(mono)
Ph1  707.2
Al 3.09 680
02 Ph2 7174 - = R
A2 312 0,08 0,10 0,12 0,14 0,16 0,18 0,20
Ph3 7532 C content (at.%)
0.1 A3 40 1
00

680 700 720 740 760 780 800 820
Wave numbers (cm)

(a) (b)

Figure 11. IR-active phonons near 700 cm~L. (a) Fits obtained with OriginPro software. (b) Wave
numbers of phonon components vs. C content. The results of the high-frequency components of
Bg.5oC (C content 0.105) are rather uncertain.

4.3. IR-Active Phonons Near 940 cm 1

The phonon near 940 cm~! (Figure 12) represents an icosahedral vibration proved
by the counterpart in the spectrum of x-rhombohedral boron (see Figure 2). According
to Beckel et al. [21], this phonon consists of superimposing E,, and Aj, modes. In boron
carbide, the additional effect of polar C atoms in the icosahedra must be considered. This
explains, in principle, the complexity of the phonon and of its change depending on C
content.

However, there is a significant change between B4 3C and B¢ 5C: two components of
the phonon vanish completely. Unfortunately, there are no spectra in the intermediate
range available, which could help explain this behavior.
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Figure 12. IR-active phonons near 950 em~1. (1) and (2) mark the apparent shift and strength of
specific components.

4.4. FIR-Absorption

As indicated in the low-frequency region of Figure 8a, the FIR optical absorption
increases towards very low wave numbers. Figure 13 shows this range extended down to
10 cm~!. This absorption is caused by the plasma-like absorption of free charge carriers,
which is heavily damped in boron carbide (for details, see [28]). With respect to the electric
structure, Figure 13 shows that the concentration of free carriers increases with the C
content decreasing. However, there is no effect of the phase transition at B.gC on the
concentration of free holes discernable.
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Figure 13. Heavily damped plasma absorption in ''ByC at 30 K [28].
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The share of B1;C icosahedra decreases from ~1 in B4 3C to ~0.1 in B1oC (see Figure 3).
The main components (1) and (2) seem to vary continuously depending on the C content.
There is no indication of a sudden change near BgC. Therefore, no involvement of this
phonon in the phase transition at B_gC is discernible.

4.5. Raman-Active Phonons

The resolution of the Raman spectra in Figure 8b is restricted. Therefore, variations
dependence on the C content cannot be doubtlessly identified, apart from the strong
phonon doublet at 270/320 cm ™! (Figure 14). This has no counterpart in the spectrum of
a-thombohedral boron. Therefore, it is to be attributed to the structural changes in boron
carbide by C atoms: B1;C icosahedra, CBC, or CBB chains.
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Figure 14. Raman-active phonons of !'B,C at 270/320 cm~!.

We attribute this doublet to the E; phonon at 335 cm ™! described in the theoretical
study by Shirai and Emura [55] as a rotation of the CBC chain associated with a wagging
icosahedron and assume that the splitting could result from the occupation of the atomic
sites involved partially occupied by C or B atoms (see [12]).
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The strengths of both components change monotonically depending on the carbon
content. There is no indication that this phonon is involved in the phase transition at B_gC.

5. Phase Transition at 712 K

The T-dependent specific heat (Figure 15) shows an exothermic phase transition at
712 K, half-width 82 K [58]. The electrical conductivity proves the correlation of this phase
transition with a structural change, where the activation energy of 140 meV is correlated
with the content of the B1;C icosahedra and polar C atoms, respectively (see above). At
carbon contents below the phase transition B_gC, it is no longer detectable [50].
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Figure 15. Specific heat of B4 3C boron carbide vs. T. Black circles, measured; red dashed line,
polynomial fit; blue, difference between measured data and fitted line; purple dotted line, 1st
derivative.

Yao et al. [59] described theoretically in this range an endothermic phase transition
that is related to the site exchange of carbon atoms within the icosahedra. Obviously, this
process is not compatible.

Complete temperature-dependent phonon spectra of boron carbide are available below
450 K only. The exception is the IR-active phonon mode near 400 cm !, available between
100 and 800 K (Figure 16a) [28]. The spectra suggested a structural change by mode splitting
near the phase transition. However, this splitting is feigned.

As shown above, the IR-active phonon mode near 400 cm™" consists of two com-
ponents. One of them is an icosahedral vibration identified by the equivalent vibration
in o-rhombohedral boron (see Figure 2). As such, it is mentioned by Beckel et al. [21]
but not described in detail. Shirai et al. [54,55] and Vast et al. [51,56] attribute the second
component to the central B atom in the CBC chain vibrating perpendicularly to the chain
axis. We analyzed the IR absorption of this phonon accordingly. The parameters of both
components are displayed in Figure 16b, showing that the before assumed split was feigned
by the considerably different temperature dependence of the components.

1
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Figure 16. IR-active phonon of "B, 3C boron carbide near 400 cm~ L. (a) Absorption index k vs.
wave number between 100 and 800 K; (b) wave number and phonon strength of the components vs.
T. Black, bending mode of the CBC chain; red, icosahedral vibration.

Passing the phase transition, the frequency of the component representing the icosahe-
dral vibration decreases clearly from 405 cm ™! at low T to 395 cm ™. Simultaneously, the
phonon strength concerned increases marginally, showing that the number of vibrating
elements remains nearly unchanged. The atomic bonding force concerned falls slightly in
the range of phase transition but is nevertheless clearly measurable. It is surprising that the
range of decrease is wider than the half-width of the phase transition (Figure 14). A certain
effect of the phase transition on the electronic properties is clearly established.

The vibration of the central B atom in the chain behaves differently. The frequency
remains nearly constant, showing that the bonds within the CBC chain are hardly affected
by T. In contrast, the phonon strength representing the number of vibrating elements
decreases considerably.

A certain difference between the structures below and above the phase transition is
indicated by the frequency of the icosahedral phonon near 400 cm~! (Figure 16b), which
decreases from 405 cm ! at low T to 392 cm ™! at high T. In contrast, the frequency of the
bending mode of the central B atom in the CBC chain decreases at most marginally from
~414 to ~407 cm~!. The redistribution of polar C atoms in the phase transition affects the
bonding force within the icosahedron and, consequently, the electronic structure as well.

An important further characteristic of this phase transition can be obtained from the
electrical conductivity at pressures up to 9 GPa [41]. The phase transition is reversible,
however, with considerable relaxation time.

6. Phase Transition at 32 GPa

The drastic change from opacity to glasslike transparency is the visual appearance of
the phase transition in boron carbide at 32 GPa. Hushur et al. [35] used the photos shown in
Figure 17 to estimate the band gap increasing at increasing pressure roughly. This implies
that the electronic structure of boron carbide known from ambient conditions [15] (see
Figure 3) changes fundamentally at high pressure.
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In Figure 17 [35], the estimated shift of the band gap is compared with theoretical
model calculations on undistorted and distorted boron carbides [45,46,60,61] and exper-
imental results [44,62,63]. Obviously, this phase transition converts boron carbide, as it
is commercially available or prepared at a laboratory scale and is highly distorted, into a
largely undistorted state, which is at least close to the idealized models used in theoretical
calculations.

At rising pressure, the band gap increases from values near 2 eV, experimentally
determined [60] and theoretically attributed to a strongly distorted boron carbide [45] to
gap widths between 3 and 4 eV, theoretically predicted for idealized meaning defect-free
boron carbide.

Ektarawong et al. [45] studied how the distribution of icosahedral C atoms affects the
electronic DOS. They used the idealized (B1;C) CBC) structure and ignored changes in the
CBC chain. In the icosahedra, six polar B(1) and six equatorial B(2) sites are occupied by B
atoms, apart from one upper polar site p1 substituted by C. This C atom is slightly shifted
towards the center of the icosahedron (see Reference [25] and references cited therein). The
energetically most favorable defect structures are generated by the transfer of the C atom
to both neighboring p2 and p3 sites, respectively, followed by transfers from p1 to the
lower polar sites p4, p5, and p6, respectively. Ektarawong’s RNG model is based on the
assumption that the polar C atoms are randomly distributed over all six polar sites.

Rasim et al. [29] take the idealized (B1;) CBC structure model for reference. As
mentioned above, this model is not compatible with real boron carbide. Nevertheless, this
study excludes interfering effects in icosahedra when calculating the effects on the DOS by
exchanging the CBC chain with other structure elements of various chain structures.

Both approaches mark significant achievements compared with the previous theoreti-
cal studies based on idealized and, therefore, unrealistic structure models. In Figure 18 [17],
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we check to what extent the DOS of both model calculations are compatible with the
electronic transitions in the empirical band scheme (Figure 4) based on experimental results.
These fit excellently with Ektarawong’s RNG model, assuming a random distribution of
icosahedral C atoms over all the polar sites [45].

Rasim
4.0
Conduction band (undistorted) g
35 ~3.57 Chdigan i R S
: (at 75 GPa) S o g
> o
o
o R Conduction band (distorted e—
onduction band (distorted) T
w25 4\
% 2.41 : CBB (buckled)
>
320 208
o CBBB (buckled)
L ] 1.67 rap =c-=s--e--esoe- COcB
15 > Exciton TR -
11.560/1.5695
1.2 — BB
1.0 0.92 :
] 0.77
05 i o przznzzziiI]T 7T oG luked
: X \ —  BBB (buckled)
] gz K ¥
0.0 0.04; i 0
optical transitions electronic transport

DOS DOS

Figure 18. Electronic band scheme of B4 3C boron carbide [17] derived from optical and electrical
measurements; DOS calculated by Ektarawong et al. (RNG model) [45] and Rasim et al. [29] for
reference (data taken from diagram each). Vertical arrows show absorption (upward) and emission
(downward) processes; the visible range is marked. Reprinted from Ref. [17] published by Elsevier
Masson SAS. All rights reserved.

Considering these results, the strong optically excited transitions between ~2 and
~3.5 eV, which are responsible for the opacity of boron carbide at ambient pressure, are
evoked in any way by the polar C atoms in boron carbide. The strong optical absorp-
tion concerned fulfills the requirements of electronic interband transitions and has been
interpreted accordingly. Compared with classical semiconductors, the polar C atoms in
boron carbide differ decisively from dopants having one excess electron compared with
the basic lattice atoms and form low-density states in the gap. In boron carbide, the dis-
tribution of polar C atoms at room temperature induces high-density electronic states.
A “simple” redistribution of the polar C atoms at high pressure, apparently to a higher
degree of order, makes these high-density states completely disappear. This redistribution
is reversible. That means the largely defect-free structure at high pressure [43] is metastable
only, while the distorted structure is the thermodynamically stable one, at least under
ambient conditions.

The reversibility of the structural distortion induced by the C atoms randomly dis-
tributed over all six polar sites stands in fundamental contrast to a sometimes-used model
based on the assumption that the actual distorted structure of boron carbide is a non-
equilibrium state only [28].

The DOS of boron carbide affected by structural elements replacing the CBC chain,
calculated by Rasim et al. [29], is obviously not compatible with the high-pressure phase
transition. Indeed, some experimentally determined narrow levels in the band scheme may
correlate with specific structural elements assumed to replace the CBC chain. However, the
related optical absorption is far too small to explain the strong absorption in this range at
ambient conditions.
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Therefore, the rearrangement of polar C atoms means a structural change and should
be verifiable in the phonon spectra. The whole structure is affected by the phase transition
at 33 GPa. This is proved by the phonon mode Griineisen parameters y. In the case of all
IR- and Raman-active phonons, y differs more or less considerably at pressure below and
above the phase transition [13,30,36]. Unfortunately, in the pressure-dependent IR-phonon
spectra of Chuvashova et al. [30], accordingly commented in [31] (some results are shown
in Figure 19), the IR-active phonon near 400 cm~1 has been neglected. As shown above, a
component of this phonon is sensitive regarding polar C atoms in B;;C icosahedra.
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Figure 19. IR phonon mode Griineisen parameters below (57) and above (A) the phase transition at
33.2 GPa. Insert: an example of determining .

The spectra of IR- and Raman-active phonons (Figure 8) exhibit strong, probably
partially split peaks near 1100 cm~!. These are at least partially attributed to intra- and
inter-icosahedral vibrations of polar atoms in the icosahedra. Hence, they should be
affected by the rearrangement of polar C atoms.

In Figure 19, the Griineisen coefficient of the 1093.3 cm ! IR phonon above the phase
transition considerably exceeds that of the other phonons. Moreover, the difference in the
value below the phase transition is especially large. This suggests that the redistribution of
polar C atoms increases the bonding force considerably.

The Griineisen coefficients concerning Raman-active phonons, determined in Fig-
ure 20, change significantly at the phase transition due to rearranging polar C atoms.
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Figure 20. Relative shift of phonon frequencies (left ordinate) and unit cell volume (right ordinate)
vs. pressure, determining mode 7y of typical IR-active phonons of B4 3C boron carbide [13]. Insert:
FT-Raman spectrum of single-crystal B4 3C boron carbide at ambient conditions. Reprinted from
Ref. [13] published by Elsevier Masson SAS. All rights reserved.

In the Raman spectra of boron carbide, the phonon doublet at 270/320 cm ™! is the
most striking feature. Werheit et al. [12] assigned this doublet to the 335 cm ! Eg phonon
that Shirai and Emura [55] attributed to a rotation of the 3-atom chain combined with a
wagging icosahedron. Firstly, it is surprising that this phonon splits, though there are only
B11C icosahedra in B4 3C. This could be explained as follows. The translation vectors of
atoms involved in this phonon (Figure 1 in Reference [53]) show that 8 of 12 atoms in the
icosahedra and 4 of 6 polar sites, respectively, are involved. Assuming that the C atom
is randomly distributed over all polar sites of the icosahedra, there are B;C icosahedra
with C atoms on sites that are involved in this vibration, while others contain exclusively B
atoms on such sites. Due to different m,.4, the phonon mode splits and the components Ra
1 (~270 cm~!; C on one of the relevant sites) and Ra 2 (~320 cm~!; B atoms only) could be
attributed accordingly.

The negative Griineisen coefficients of both components differ fundamentally from all
other phonons. Normally, compression reduces the lattice parameters, leading to a positive
Griineisen parameter, at least when the force constant is unaffected. However, that seems
to be the case in boron carbide in connection with the rearrangement of polar C atoms at
the high-pressure phase transition.

In Figure 21, some parameters of both components of this doublet are displayed.
For the evaluation, it had to be considered that the spectra were obtained using a laser
with problematic excitation energy (for details, see [17]). While the phonon frequencies
are not affected this way, the phonon strengths Al and A2 derived from the measured
spectra depend uncontrollably on pressure. This influence is eliminated by determining
the ratio A1/A2 of both components shown in Figure 20. Based on the description of the
270/320 cm~! phonon doublet above, Figure 21 indicates a strong site exchange of polar C
atoms within the phase transition around 32 GPa.
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Figure 21. Wave numbers of the Raman-active 270/320 cm~! doublet and ratio of the phonon
strengths of both components.

7. Discussion

The electronic structure of boron carbide is dominated by By;C icosahedra. In compar-
ison, the influence of the 3-atom chain is of minor importance. This is obvious in the phase
transition near the chemical composition B_gC, which is related to the concentration of B1;C
icosahedra. The fact that this transition occurs at about 25% B11C instead of 50% shows the
particular influence of the polar C atom that is missing in the frequently used hypothetical
structure model B1,CBC. Whether the distribution of one C atom on six possible polar sites
has any effect within this composition-dependent phase transition remains open.

However, the distribution of polar C atoms is doubtlessly important in B4 3C with
~100% B11C icosahedra. The phase transitions at 712 K and 33.2 GPa are directly related
to the distribution of the polar C atoms. At ambient conditions, boron carbide is opaque.
Its optical absorption in the visible range of the optical spectrum is high due to optical
transitions related to gap states shown in Figure 4. Hushur et al. [43,55] showed that
high pressure changes the opacity drastically to transparency, indicating a highly ordered
structure. However, this is metastable only, as it retransforms into the disordered state,
reverting to normal conditions, albeit with considerable relaxation time. Accordingly, the
well-known distorted structure is energetically favored at ambient conditions. Applying
this knowledge to the hypothetical structure Bj;CBC possibly explains why this highly
ordered structure is unstable compared with the distorted structure of natural boron
carbide.

This leads to the conclusion that Ektarawong’s RNG model, assuming a random
distribution of polar C atoms over all the polar sites at ambient conditions, is close to reality.
The phase transitions at 712 K and 33.2 GPa both transform this distorted structure of
boron carbide at ambient conditions (statistical distribution of 1 C atom per icosahedron to
6 polar sites) into a structure of higher order. This means the occupation of preferred polar
sites; however, the actual distribution remains open. More detailed characterization of the
phonon spectra might help.

In this study, the phonon spectra of boron carbides with natural isotope distribution
and those highly enriched with !'B isotopes have been analyzed. Thus, isotopes could have
a certain effect (for details, see [64]). The force constants of different isotopes are the same.
Hence, the shift of the icosahedral phonon frequencies in B4 3C boron carbides, which are
enriched with '2C and '3C, respectively (see spectra in [40,65]), yields the relation of the
reduced masses involved.
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Abstract: Here, we present composites and materials that can be prepared starting with boron hydride
cluster compounds (decaborane, decahydro-closo-decaborate and dodecahydro-closo-dodecaborate
anions and carboranes). Recent examples of their utilization as boron protective coatings including
using them to synthesize boron carbide, boron nitride, metal borides, metal-containing composites,
and neutron shielding materials are discussed. The data are generalized demonstrate the versatile
application of materials based on boron cluster anions and carboranes in various fields.
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1. Introduction

The driving force behind the intensive development of the chemistry of boron hydride
cluster compounds in the 1950s was their use as high-energy materials [1-3]. This topic is
still discussed, although it attracts less attention [4-14]. Currently, the most attention is paid
to the use of boron cluster compounds in medicine [15-27]. As for the use of boron clusters
in materials science, complex molecular and supramolecular structures, such as nanocars
and nanotrains [28-31], molecular machines, and switches [32-36], MOFs [37-46], etc.,
attract the most attention. However, there is another less spectacular but no less important
direction of research on the use of boron cluster compounds in the science of materials.
This direction of research consists of the thermal decomposition of various boron clusters
with the formation of boron-containing coatings and ceramic materials, which is somewhat
reminiscent of their use as high-energy materials, since in this case a complex molecular
structure is also converted into simple molecules.

In this contribution to the field, we present an attempt to consider the use of boron
clusters to obtain various boron-containing materials, including boron-containing coat-
ings and films, nanostructured boron carbide and metal borides, and others. The most
readily available decaborane(14) BigH14, ortho- and meta-carboranes 1,2-C,B1gHjp and
1,2-C;B19Hjp, decahydro-closo-decaborate [BigH10]?~ and octadecahydro-conjucto-eicosaborate
[trans-ByyHyg]>~ anions (Figure 1) are considered as the boron clusters. Decaborane(14) can
be readily prepared in a two-step procedure from sodium tetrahydroborate NaBHy [47]. The
well-known ortho-carborane is obtained by introducing the acetylene molecule into the open
boron cage of decaborane(14), and its thermal isomerization leads to meta-carborane [48].
The decahydro-closo-decaborate anion [49-51] is formed by heating decaborane(14) in the
presence of triethylamine, and its mild oxidation results in the octadecahydro-conjucto-
eicosaborate anion [52,53].

Materials 2023, 16, 6099. https:/ /doi.org/10.3390/ma16186099 78 https://www.mdpi.com/journal /materials
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Figure 1. Idealized structures of decaborane(14) B1pHz4 (a), ortho-carborane 1,2-C;B1oH1; (b), meta-
carborane 1,7-C;B19Hj, (¢), decahydro-closo-decaborate anion [B1oHy0l%~ (d), and octadecahydro-
conjucto-eicosoborate anion [trans-ByoHis]*~ (e).

2. Decaborane as Boron Source for Boron-Containing Materials

Metal Organic Chemical Vapor Deposition (MOCVD) is widely used for creating
high-purity crystalline semiconducting thin films and micro/nano structures for micro-
electronics [54-57]. Therefore, it is not surprising that volatile boron hydrides such as
decaborane have been proposed for the preparation of various boron-containing coatings.
At first glance, it may seem that for these purposes it is more convenient to use other more
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available and cheap volatile boron compounds, such as BCls, BF5 or diborane. However,
one drawback of MOCVD is the aggressive, toxic and explosive nature of the precursor
gases, which makes them difficult to use in small research laboratories. This fully applies
to both aggressive and corrosive boron halides and highly toxic and flammable diborane.
Therefore, decaborane BjgHi4, despite its higher cost and toxicity [58,59], is in many re-
spects a more convenient source of boron for these purposes. Furthermore, decaborane has
advantages as a source material for boron coating because high-purity decaborane is easy
to obtain with a sublimation purification process.

Amorphous boron films of 0.1-1.5 um thickness have been prepared on sapphire,
silicon, and tantalum as substrates by the pyrolysis of decaborane in the molecular flow
region (<10 torr) and in a temperature range of 350-1200 °C. It is found that the depo-
sition rate of the boron films is proportional to the decaborane partial pressure and the
substrate temperature. The electrical conductivities vary from 3 x 107> Scem™! at 77 K to
30 S cm ! at 1000 K, and the activation energy is 1.07 eV in the intrinsic temperature range
(700-1000 K). The maximum value of thermoelectric power is about 420 1V deg~! at 700 K,
and its polarity is positive between 500 and 1000 K [60]. The preparation of polycrystalline
a-rhombohedral boron films by pyrolysis of decaborane has also been reported [61].

Boron coating also can be obtained by the plasma-assisted enhanced chemical vapor
deposition (PECVD) of decaborane [62,63]. In particular, decaborane has been proposed as
a boron source for the boronization of JT-60U Tokamak to reduce the influx of impurities
during plasma discharge [64]. The deposition of boron films on polished p-type Si(111) sur-
face by synchrotron-radiation-induced chemical vapor deposition (SR-CVD) of decaborane
was reported [65].

When using ammonia or dinitrogen as additives, the chemical vapor deposition of
decaborane can be used to obtain thin films of boron nitride [66], nanosheets [67], and
nanotubes [68], competing with borazine. In particular, boron nitride nanotubes (BNNTs)
grown at 1200-1300 °C from decaborane were double- and multiwalled, with the double-
walled nanotubes having ~2 nm inner diameters and the multiwalled nanotubes (~10 walls)
having ~4-5 nm inner diameters and ~12-14 nm outer diameters. The nanotubes grown
at 1300 °C were longer, averaging ~0.6 um, whereas those grown at 1200 °C had average
lengths of ~0.2 pm [68].

The pyrolysis of decaborane can also be used to prepare boron nanoparticles [69]
and microcrystals [70,71]. «-Tetragonal boron crystals were obtained at a pressure of
8-9 GPa and temperatures in the range 1100-1600 °C, while 3-rhombohedral boron crystals
grow at 3 GPa and 1200 °C [70]. The a-tetragonal boron crystals synthesized demonstrate
semiconducting properties of conductivity with the energy gap Eg ~ 1.5 eV [71].

The chemical vapor deposition of decaborane was also used to prepare various metal
boride thin films, including nickel [72], strontium [73], gadolinium [74], neodymium [75],
and ytterbium [76,77].

A synthetic route to metal borides TiB,, ZrBz,, HfB,, NbB,, and TaB; by heating the
decaborane-pimelonitrilium polymer [-6-B1gH12-(NC(CH;)5CN)],,- and the corresponding
finely dispersed metal oxides above 1400 °C was proposed. The metal boride powders were
found to be highly crystalline, with grain sizes dependent on processing temperatures [78].

Various boron-carbide-containing materials were prepared using various decaborane-based
single-molecular precursors, such as [p-6,6'-(CHy)g-(B1gH13)2] [79,80], [1-6,6-(1',5-cyclooctyl)-
(B10H13)2] [81], [u—6,6’—(2’,5’—norbornenyl)—(Blong)2] [81], or polymers, mcludlng [-6-B10H12-
thPOPth]n— [82], [-6-B10H12-(CH2)6]~,1- [83,84], [—6—BlOH12—(2’,5/—norbomenyl)]n— [81,83—89],
[-6-B1oH12-(1',5'-cyclooctenyl)],- [81,83], and [-6-B1gH12-(1,4’-cyclooctenyl)],,- [81,83].

In particular, [u-6,6'-(CHy)g-(B1oHi3)2] (Figure 2) appears to be an ideal precursor for
the synthesis of boron carbide nanofibers (Figure 3) using the templating technique: (i) it is
readily synthesized in large amounts using the Ti-catalyzed reaction [90]; (ii) it contains no
other ceramic-forming elements and has a desirable boron-to-carbon ratio, thus yielding
boron-rich boron carbide compositions upon pyrolysis; (iii) it is stable as a liquid, allowing
it to be absorbed into the membrane without decomposition; and (iv) upon pyrolysis, it
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undergoes a cross-linking reaction at relatively low temperatures (220 °C), which slows the
loss of material by volatilization, thereby generating high ceramic and chemical yields [79].

W/ {

L
IR v

Figure 2. Solid-state structure of [11-6,6’-(CH;)s-(B1gH13)2]. Hydrogen atoms of organic substituents
are omitted for clarity.

IB microns

—
L microns

Figure 3. SEM images of aligned boron carbide nanofibers obtained upon pyrolysis of [u-6,6'-(CHy)s-
(B1oHi3)2] at 1025 °C. Reprinted with permission from Ref. [79]. Copyright (2000) the American
Chemical Society.

The bis(decaboranyl)-hexane precursor [u-6,6'-(CH;)g-(B19Hi3)2] can also be used for
the preparation of ordered mesoporous boron carbide materials with high specific surface
areas up to 778 m?/g and hexagonal pore arrangement symmetries [80].

It should be noted that an alternative possibility of using pentaborane BsHg instead
of decaborane to obtain boron carbide compositions was previously considered [91-93];
however, after the destruction of pentaborane stocks stored since the 1960s [94], this aim
was abandoned.

The B4C/BN-containing ceramic materials can be prepared using the pyrolysis of
polymeric Lewis base adducts of decaborane [-6-B1oH;;-(diamine)],;- (diamine is ethylene-
diamine, 1,1-dimethylethylenediamine, 1,1,2,2-tetramethylethylenediamine) [95,96]. In
particular, the [-6-B1gH1,-(ethylenediamine)],,-polymer fibers upon pyrolysis at 1000 °C
in an argon atmosphere retain their shape and give black ceramic fibers with a diame-
ter of 3 to 5 um, which have a round shape, a smooth surface, and no obvious major
flaws (Figure 4). Other [-6-B1gHi-(diamine)],- polymers were capable of forming fibers.
The polymers derived from 1,1,2,2-tetramethylethylenediamine and from the 85/15 1,1-
dimethylethylenediamine/1,1,2,2-tetramethylethylenediamine mixture melt when heated
(mp 246-250 °C and 222-225 °C, respectively) and may be suitable for melt-spinning [87].
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Figure 4. SEM images of ceramic fibers at different scale (A,B) derived from [-6-BjoHj»-
(ethylenediamine)],- by pyrolysis at 1000 °C under argon. Reprinted with permission from
Ref. [87]. Copyright (1988) the American Ceramic Society.

Low-crystalline boron nitride was prepared by the reaction of triammoniadecaborane
B1oHi4-:3NH3 and hydrazine or ammonia at 125 MPa and 650-700 °C. The prepared low-
crystalline boron nitride passed into cubic boron nitride at 1200-1300 °C and 6.5 GPa in the
presence of 20 mol.% AlNas a catalyst [97,98].

3. Carborane as a Boron Source for Boron-Containing Materials

Chemical vapor deposition methods are widely used for the manufacture of boron
carbide films due to the better controlled deposition process and the high-quality boron
carbide production. Mixtures of boron trichloride, methane, and hydrogen are usually
used for the CVD of boron carbide films. Since chlorides are highly dangerous and the
synthesis process requires high temperatures, the replacement of BClz with organoboranes
has become a trend in recent years. At first it seemed that small organoboron molecules
such as trimethylboron and triethylboron could be a good alternative, but they proved
to be overly reactive. Taking into account that ortho-carborane [HyCyB19Hjg] provides a
suitable ratio of B and C from a single molecular source, it seems to be an attractive source
for preparing boron carbide materials.

Semiconducting boron carbide represents a new class of materials with potential
applications in neutron detection because '°B has a high cross-section (approximately
3800 barns) for neutrons at lower energies (~25 meV), based on the 10B(11,0)”Li neutron
capture reaction [99-105]. This aroused great interest in the fabrication of boron car-
bide films using the PECVD of ortho-carborane, and the effect of the process parameters,
such as temperature and total pressure, on the composition, microstructure, morphology,
and properties of the boron carbide films obtained were studied [106-114]. In particular,
the boron carbide film prepared at low temperatures and pressures (Tgep = 900 °C and
Piot = 100 Pa) showed a comparatively flat morphology, whereas the boron carbide films
prepared at low temperature and high pressure (Tgep = 900 °C and Pior = 50,000 Pa) ap-
peared as round bulges. The boron carbide films prepared at a high temperature and
relatively low pressure (Tgep = 1100 °C and Pior = 5000 Pa) exhibited a cauliflower-like
surface, while the films prepared at high temperature and high pressure (Tgep, = 1200 °C
and Pyot = 50,000 Pa) exhibited a uniform granular surface (Figure 5) [112].

Semiconducting boron carbide films can be also prepared through the PECVD of meta-
carborane, which differs from ortho-carborane only in the arrangement of carbon atoms in
the icosahedral cage [115-117]. It was found that mefa-carborane and ortho-carborane form
self-doped n-type and p-type boron-carbides, respectively [115,116].
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Figure 5. Surface and cross-section SEM images of boron carbide film prepared at Tge, =900 °C,
Piot =100 Pa (ae), Tgep = 900 °C, Pyt = 50,000 Pa (b,f), Tgep = 1100 °C, Pror = 5000 Pa (c,g),
Tdep =1200 °C, Pyt = 50,000 Pa (d,h). Reprinted from Ref. [112].

It was shown that neutron detectors and neutron voltaic devices, based on semi-
conducting boron carbides, contrary to most other electrical devices, may improve with
some radiation exposure and are robust against radiation-induced device degradation and
failure [104]. The main causes for the poor neutron detection device performance are the in-
sufficiently thick depletion region of the device, the need for a thicker device to come closer
to neutron opacity, and the need for better charge collection while maintaining low reverse
bias leakage currents [118]. It was found that the semiconducting boron carbide prepared
by PECVD of composites of ortho- and meta-carboranes and aromatic or heteroaromatic
compounds [119-125] demonstrate improvements in both charge collection and reverse
bias leakage currents, which is attributed to an increase in the hole carrier lifetimes.

The introduction of metallocenes CppM (M = Ni, Co, Fe, Mn) together with ortho- or
meta-carboranes during the PECVD process results in the corresponding transition metal
doping of semiconducting boron carbide films [126-131].

Another important area of using ortho- and meta-carboranes to create protective
boron carbide coatings is the boronization of tokamaks. The plasma-chemical deposition
of a protective coating on the first wall of a fusion device using a chemically active gas
(precursor) remains to date one of the primary ways to protect plasma against cooling
impurities. This method has proved effective and does not require the use of addi-
tional and expensive equipment. The use of a low-toxic and nonexplosive carborane for
boronization made this method of obtaining boron-carbon coatings to be a quick, widely
available, and relatively cheap one. The coatings obtained were found to be highly resis-
tant to chemical erosion—the erosion coefficients were (5-6) x 10~ at/ion regardless
of temperature. The electrical resistance of the coating was high, and, depending on
the deposition conditions, varied in the range of 10°~10'! Q) cm. The resistance of the
coatings to the plasma impact was estimated using similar probes, which were examined
after a certain number of working pulses. On all tokamaks, the coatings remained for
several hundred pulses. The degradation of the coating correlates with the degradation
of the plasma parameters [132-136].

The preparation of boron carbide through the pyrolysis of various carborane-containing
polymers has been described [137-140]. The Ni-catalyzed polymerization of 1,2-bis(4-
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chloro-phenyl)-ortho-carborane leads to poly(phenylene-ortho-carborane). It was found that
the heating of the polymer at 1000-1200 °C resulted in the crystallization of boron carbide,
according to the X-ray powder diffraction studies [139]. The Ni-catalyzed polymerization of
1,7-bis(4-chlorophenyl)-meta-carborane produces poly(phenylene-meta-carborane), which
can be used as a novel boron carbide precursor [140]. Due to its high ceramic yield, it
can be used to prepare boron carbide ceramics with different shapes [141]. In particular,
poly(phenylene-meta-carborane) was used to prepare the boron carbide hollow microsphere
via slurry-coating and a method derived from a previous study. The poly(phenylene-meta-
carborane)/polyacrylonitrile slurry was prepared and coated on a polyoxymethylene
ball substrate. After air cross-linking, the substrate decomposition and heat-treatment at
1100 °C in argon atmosphere, hollow boron carbide microspheres with diameter of approx-
imate 1.34 mm, and average shell thickness of 30 um were obtained (Figure 6) [141].

Sphericity=98.9

Figure 6. Hollow boron carbide microspheres prepared from poly(phenylene-meta-carbor-
ane)/polyacrylonitrile at different magnitude (a—f). Reprinted with permission from Ref. [141].
Copyright (2022) Elsevier.

The star-shaped pentagonal microcrystals of boron carbide with extremely low carbon
content (~5%) were prepared through the thermobaric treatment of 1,7-bis(hydroxymethyl)-
meta-carborane under high pressure of 7 GPa and temperature of 1370 K. The microcrystals
exhibit a five-fold symmetry and grow in the shape of stars (Figure 7) [142,143]. The
unusual shape of the pentagonal microcrystals makes them unique for developing novel
micro-machines and semiconductor micro-devices [142].

Heating a mixture of ortho-carborane and adamantane (atomic ratio B:C = 5:95) at
8 GPa and 1700 °C results in the formation of boron-doped diamond microcrystals
(2-2.5 at.% of boron), whereas only graphite was obtained from a mixture of adaman-
tane and ortho-carborane at pressures lower than 7 GPa [144].
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Figure 7. SEM images of star-shaped pentagonal boron carbide microcrystals prepared by ther-
mobaric treatment of 1,7-bis(hydroxymethyl)-meta-carborane at 7 GPa and 1370 K. Reprinted from
Ref. [142].

4. Boron Cluster Anions as Boron Source for Boron-Containing Materials

Coordination chemistry of transition metals with boron cluster anions is one of the
most intensively studied fields of boron chemistry [145-147]. Research in this area is
determined mainly by the fundamental components and concerns metal-boron cluster
binding [148], positional isomerism [149,150], and secondary and interligand /inner-ligand
interactions in complexes [151,152]. A series of new complex compounds that formed
precursors and materials with desired properties were synthesized. Among them are
precursors for the low-temperature synthesis of borides and related compounds [153],
molecular switches based on a dimeric boron cluster [154], catalysts in the synthesis of
organic compounds [155], complexes with luminescent properties [156], copper complexes
as models for studying exchange processes and magnetic materials [157], as well as neutron-
absorbing materials based on salts of boron cluster anions distributed in the silicate matrix.

Metal borides and related compounds provide ample opportunities for multivariate
combination of metal-metal, metal-boron and boron-boron bonds in the resulting phases,
thereby providing the possibility of directed changes in their physical, chemical and
strength properties [157-162]. The most well-known methods of preparing metal borides
include: (i) the reaction of metals and boron; (ii) the reduction of metal and boron from
oxides when allowing to react with carbon or metals; (iii) the electrolytic reduction of metal
and boron from their compounds; and (iv) the thermal dissociation of unstable compounds
containing boron and metals. Actually, the processes used to prepare metal borides are
often energy-consuming and time-consuming.

In the course of research carried out in our team, we have developed a method
for obtaining binary borides during thermal reduction of transition metal compounds
[ML,][An] (M = Co, Ni, An = [B1gH10]%, [Bi12H12]% or [ByH15]%) with ligands L that can
be easily removed at elevated temperature (for example, L = HyO, NH3, DMF). In the
compounds, organic ligands L are considered components, which play the role of organic
fuel. Dimethylformamide is one of the most promising substances that can be used as a
fuel [163]; its specific heat of combustion (29.652 M] /kg) is much higher than, for example,
that of urea (9.134 MJ/kg), which is often used in SCS processes. The energy capacity
of the boron cluster anions themselves makes it possible to lower the boride synthesis
temperature, which facilitates the process and reduces energy consumption.

First, we synthesized complexes [Co(DMF)s][B1gHjp] and [Co(DMSO)][B1oHjip]
(Figure 8), studied their thermooxidative properties in the temperature range 20-600 °C un-
der argon [164], and determined the annealing temperature. When comparing the IR data
of products of thermolysis performed at 600 °C, it was concluded that boride phases were
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prepared only for complex [Co(DMF)s][B1oH1o]. The final products were X-ray amorphous
that did not allow us to determine the exactly composition of the final products.
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Figure 8. Structures of [Co(DMSO)¢]1[B1oH1o]-

When annealing structurally related compounds [Co(DMF)s][B12Hj12], [Co(DMF)][BooHis]
(Figure 9) and [Co(DMF)s][B10Cl;p] in argon at 900 °C [165,166], we succeeded in detecting the
CoB phase using X-ray powder diffraction [165]. It was found that for [Co(DMF)s][B12H12],
the phases of BN and CoB where prepared in the 1:1 ratio; for [Co(DMF)s][BygH;s], a higher
CoB:BN ratio but low crystallinity were found; and for the cobalt(Il) complex with the
decachloro-closo-decaborate anion, only CoB was detected. The annealed samples were stud-
ied using IR spectroscopy and X-ray fluorescence (for the chloro-containing sample). The
nanoparticular character of the decomposition products was shown using TEM.

Figure 9. Structure of [Co(DMF)][BoHis].

Thermal reduction of complexes [CoL,][BioH1p] (L = HyO, n = 6; NoHy, n = 3) with
hydrazine and water molecules in argon at 650 and 900 °C [167,168] resulted in preparation
of the dicobalt boride Co;B phase as well as orthorhombic and cubic modifications of
boron nitride BN. For the aquacomplex, oxide-boride phases were detected. The annealed
samples were studied using IR spectroscopy and X-ray powder diffraction. In addition, the
samples show different magnetochemical behavior: the oxide-boride phase demonstrated
a significant ferromagnetic contribution to the total magnetization of the sample, while the
nitride-boride phase had a diamagnetic contribution.

As for structurally related nickel complexes [NiL,][BioH;jo] (L = DMEFE, HyO, n = 6;
L = NpHy, n = 3) [169], their thermal reduction was studied in the temperature range
20-800 °C in air and in argon. The phases of Ni3;C and Ni; _,C, were detected using X-ray
powder diffraction for annealed complex [Ni(DMF)s][B1gH1]; the obtained data indicates
that boride-carbide phases were not detected.

Gadolinium tetraboride GdB4 was found to form as an only-boride phase by heating
a mixture of gadolinium hydride GdH., and gadolinium closo-decaborate Gd,[B19Hjig]s
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as a boron source (the boron:metal ratio = 2) at 1400 °C under an argon atmosphere. In a
similar way, cerium tetraboride CeB4 was prepared from CeH., and Cey[BioHjg]s at
1100 °C. Using the boron:metal ratio = 6, gadolinium and cerium hexaborides MBg
(M = Gd, Ce) were prepared without the coexisting of the corresponding tetraborides at
1200-1400 °C and 1100 °C, respectively. A small number of inclusions (oxides, borates, etc.)
can be completely removed using acid treatment with conc. HCI solution [170].

Crystalline ytterbium hexaboride YbBg along with some amount of amorphous boron
were prepared by heating ytterbium(Il) closo-decaborate Yb[BjgH1o] in a quartz tube main-
tained at 10~° Torr to a maximum of 1000 °C [171].

The thermal decomposition of copper(I) closo-decaborane Cu;[B1gH;jp] at 800 °C was
found to produce crystalline copper boride CuBys and metal copper and amorphous
boron [172].

Recently, the annealing of copper(Il) complexes with hydrazine [Cu'(N,H,)51[B1oH10]-nH2O
or ammonia [Cu (NH3)4][B19oH10]-#nH,0 in argon at 900 °C was used to prepare a Cu@BN
boron-containing copper composite [173]. The composition consists of a boron nitride
matrix doped with cubic copper(0) nanoparticles with an average particle size of ~81 nm
or ~52 nm, respectively.

Modern technology has a high demand for materials which can operate under extremal
temperatures. Inorganic polymers attract attention because they offer some properties that
are not found in organic materials, such as low-temperature flexibility, electrical conduc-
tivity, and nonflammability. The linear polysilicates obtained by the polycondensation of
sodium metasilicate with silanol groups are the most widely studied among the non-organic
polymers [174].

Prior to studying the distribution of salts of the boron cluster anions in the silicate
matrix, the thermal and thermomechanical properties of starting salts (R3NH),[B12H1»]
(R = Et, Bu) were examined as compared with (EtsNH),[B1gH;jo] [175]. The TGA and DSC
data for (R3NH),[B1,H1,] are similar; thermal destruction is observed at 260-450 °C, and
the weakening of intermolecular contacts (softening) is observed before thermooxidative
destruction. As for (EtsNH),[B19Hjg], thermooxidative and thermal destructions occur
simultaneously within a narrow temperature range of 260-320 °C, and the softening
temperature lies within the range of intensive weight loss.

Furthermore, we studied the thermal behavior of triethylammonium closo-decaborate
in a silicate matrix [176]. The interaction of sodium silicates of liquid glass (LG) with
triethylammonium salts of boron cluster anions was studied in a wide range of component
ratios. The compositions formed by addition of different amounts of (Et3NH)>[B1oH1o]
(5,15, 30, 40, 50, 60, and 74 wt%) into sodium liquid glass [176] were studied.

The dissolution of triethylammonium salts of boron cluster anions in sodium LG
at room temperature is accompanied by the release of triethylamine, which completely
stops when the temperature rises to 100 °C. The absence of a band of stretching vibrations
of the NH groups of the triethylammonium cation in the region of 3100-3200 cm !
indicates its complete replacement in the composition by Na* ions. The retention of the
formed sodium salts in the silicate matrix is carried out due to the formation of specific
cation—anion contacts.

It was found that for compositions with closo-decaborate anion, the anion oxidation in
air begins at 350 °C and is accompanied by a significant exothermic effect. IR spectroscopic
analysis of the thermolysis products obtained in air at 350 and 600 °C showed the presence
of the closo-decaborate anion in the samples [176,177]. A branched 3D system of multi-
center bonds between BH-groups of the boron cluster and silanol groups via the water
molecules can be assumed in the resulting inorganic polymer composition (Figure 10).
The participation of the boron cluster in hydride—proton (dihydrogen) bonds is detected
using IR spectroscopy because of the splitting of the band of stretching vibrations of the
BH groups v(BH) observed near 2500 cm !, whereas the formation of hydrogen bonds
between sylanol groups and water molecules can be assumed because of the presence of
broadened band v(OH) in the region 3600-3000 cm~!. This structure prevents the closo-
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decaborate anion from undergoing complete degradation, thus forming a surface protective
layer which consists of borates and silicates, allowing preventing the bulky sample from
oxygen diffusion and its further oxidation at high temperatures. The authors concluded
that samples are stable up to 600 °C, which is attractive for fabricating boron-rich thermally
stable coatings.

Figure 10. Multicenter interactions between (Et3NH),[B19H1o] and components of sodium liquid glass.

In the IR spectra of the compositions, the multiplet splitting of the band of stretching
vibrations of BH bonds, which is characteristic of interactions of this kind, is clearly
manifested. The thermal stability of individual salts of boron cluster anions is determined
by the nature of the anion and cation of the starting compound. The thermal stability of the
compositions also depends on the nature of the boron cluster anion. According to the TG
and DSC data, the protective layer is formed when the temperature rises to 500 °C during
the thermogravimetric analysis. It is worth noting that is that the heat treatment of the
sample under these conditions is accompanied by a high exothermic effect, which can lead
to the melting of the borosilicate components.

The possibility of using compositions based on the closo-decaborate anion as highly
heat-resistant boron-enriched materials is evidenced by TMA data [178,179]. The samples
are characterized by high heat resistance compared to the original components; they do
not soften at temperatures > 600 °C as high thermal and thermomechanical stability is
probably ensured due to the formation of a “protective structure” on the surface of the
samples during testing, which prevents the diffusion of atmospheric oxygen.

Structural features of boron cluster anions introduced into the compositions have a
significant effect on the processes and thermomechanical properties of the compositions.

The formation of a protective layer in the compositions is also observed for the closo-
dodecaborate anion [180,181]. It was found that heating the composition, in which the
amount of the doped component is 60 wt%, leads to the formation of the composite
and crystallization of sodium salt of the closo-dodecaborate anion on its surface at 200 °C,
according to X-ray powder diffraction data [182]. The results of the study of the morphology
of the obtained sample by scanning electron microscopy were compared with the results
of the morphology of the sodium salt obtained from an aqueous solution. On the surface
of the composite, there are needle-shaped nanosized particles with well-formed faces and
sizes of 60-100 nm in width and up to 3 um in length. In a sample of sodium salt obtained
from an aqueous solution, only large blocks with a size of about 10-30 um are present. In
addition, when the initial mixture contained 60% of triethylammonium closo-dodecaborate
at 450 °C, a high plasticization of the composition was noted, as evidenced by the TMA
data [181]. The obtained properties may be important for the processing of composites and
are probably due to the presence of about 6.6% triethylammonium substituted derivative
of the closo-dodecaborate anion in the reaction, which is formed during the heat treatment
of the composition.

The reaction of LG with the triethylammonium salt of the perchlorinated substituted
derivative of the closo-decaborate anion proceeds similarly [179,180]. For LG/ [B1oClyo]*
compositions containing the perchlorinated closo-decaborate anion up to 20 wt%, their
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plasticizing properties were determined. In the presence of small amounts of additives, asso-
ciations formed between the silicate and polyhedral boron anions, which act as crosslinking
agents. According to the TMA data, triethylammonium salt of the perchlorinated closo-
decaborate anion does not soften up to a degradation temperature of 420 °C, whereas in
salt (EtsNH),[B1oH10], this process occurs at 245 °C. Differences in the deformation stability
are also retained in compositions containing equimolar amounts of boron cluster anions.
Analyzing the obtained TMA results [179,180], it is obvious that the deformation stability of
the system containing the perchlorinated anion is significantly higher compared to that of
the decahydro-closo-decaborate anion. This fact indicates a more rigid structuring observed
in the presence of the perchlorinated anion.

Compositions with a low content of boron cluster anions are of particular interest
for studying the structural features of the associates formed. We suggested that the asso-
ciates formed in the silicate matrix can be distributed as individual particles. which was
determined using transmission electron microscopy (TEM). For samples containing the
[B1oH10]* anion, the TEM image shows isolated elongated particles 12.5-47.5 nm in size.
In turn, the shape of the particles for the composition with the perchlorinated anion is
not so pronounced [180]. In the latter case, particles 5-40 nm in size form agglomerates
distributed in a silicate matrix. Thus, it is obvious that the shape and nature of the dis-
tribution of associates formed in the silicate matrix directly depends on the nature of the
boron cluster anion. As a result of these studies, we have patented a boron-containing
neutron shielding material [183], which was obtained by the reaction between sodium
silicate NapO(SiO,);, in an aqueous solution of sodium hydroxide with trimethylammo-
nium decahydro-closo-decaborate (MesNH),[B1oH1g]; the reaction solution was boiled until
the trimethylamine formed as a result of the reaction of the sodium hydroxide solution
with (MesNH),[B1oHjo] is completely removed, then dried by raising the temperature to
300 °C. Due to the numerous supramolecular contacts that appear in the glass structure,
the destruction of the [BigHj]?~ anion is not observed up to 600 °C. In addition, the boron
content in the product is from 15 to 40 wt%, which provides a high ability of the material
to capture thermal neutrons. The obtained neutron-shielding material can be used, in
particular, in the encapsulation of radioactive waste, in the creation of protective shields.

Boron-containing compounds can be used as light components for the creation of
metal matrix composites [184,185]. The metal composites containing copper and aluminum
as matrices and salts C52 [BloHlO]/ [MezNHz]z[Bleo], [Ph4P]2[B10H10], [Et3NH]2[810C110],
Csy[B12H1o], [EtsNH]z[B12H12] [149], and [BusN]2[B12Hj2] [150] were prepared and coated
onto a steel surface. It was shown that the developed metal matrix composites with the
boron cluster anion salts can be applied for coatings. A friction cladding method allows
one to prepare high-quality coatings, providing a high adhesion of the coating to the metal
substrate. No defects were found either in the mass of the coating or on the surface.

5. Conclusions

Here, we tried to summarize briefly the synthetic routes and wide application fields
of boron-containing materials prepared from boron cluster anions and carboranes. The
recent renaissance in chemistry of borohydrides and carboranes is associated with ever-new
prospects for their practical use. We hope that the information collected in this article will
significantly expand the understanding of the variability of the practical application of
boron cluster anions and carboranes to obtain composites and materials based on them, and
will provide a novel perspective on the ways to obtain composites with desired properties.
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Abstract: All-in-one radiation shielding is an emerging concept in developing new-generation
radiation protection materials since various forms of ionizing radiation, such as neutrons and gamma
rays, can occur simultaneously. In this study, we examine the ability of transition metal borides to
attenuate both photon and particle radiation. Specifically, fourteen different transition metal borides
(including inner transition metal borides) are selected for examination based on their thermodynamic
stabilities, molecular weights, and neutron capture cross-sections of the elements they contain.
Radiation shielding characteristics of the transition metal borides are computationally investigated
using Phy-X/PSD, EpiXS and NGCal software. The gamma-ray shielding capabilities of the transition
metal borides are evaluated in terms of the mass attenuation coefficient (y;;;), the linear attenuation
coefficient (y1), the effective atomic number (Z,4), the half-value layer (HVL), the tenth-value layer
(TVL), and the mean free path (MFP). The mass and linear attenuation factors are identified for
thermal and fast neutrons at energies of 0.025 eV and 4 MeV, respectively. Moreover, the fast neutron
removal cross-sections (}_R) of the transition metal borides are calculated to assess their neutron
shielding abilities. The results revealed that borides of transition metals with a high atomic number,
such as Re, W, and Ta, possess outstanding gamma shielding performance. At 4 MeV photon energy,
the half-value layers of ReB, and WB; compounds were found as 1.38 cm and 1.43 cm, respectively.
Most notably, these HVL values are lower than the HVL value of toxic Pb (1.45 cm at 4 MeV),
which is one of the conventional radiation shielding materials. On the other hand, SmBg and DyBg
demonstrated exceptional neutron attenuation for thermal and fast neutrons due to the high neutron
capture cross-sections of Sm, Dy, and B. The outcomes of this study reveal that transition metal
borides can be suitable candidates for shielding against mixed neutron and gamma radiation.

Keywords: radiation shielding; mixed gamma-neutron radiation; transition metal borides; attenuation
coefficient; simulation; Phy-X/PSD; NGCal; EpiXS

1. Introduction

Ionizing radiation is a form of energy that has a wide range of practical uses in
different fields, such as power generation, healthcare, agriculture, and research [1-4].
Nevertheless, exposure to ionizing radiation can have significantly negative impacts on
human health because ionizing radiation is powerful enough to detach electrons from
atoms [5]. Therefore, the use of effective shielding materials is crucial to minimize human
exposure to ionizing radiation.

Boron-containing materials are widely used in radiation shielding applications due
to boron’s high neutron capture cross-section. Boron has two stable isotopes, '°B and
HB. Natural occurrence rates of B and !B isotopes are 19.1-20.3% and 79.7-80.9%,
respectively [6,7]. Thermal neutron capture cross-section (3838 barns; 1 barn per nu-
cleus =1 x 1072 cm?) of the '°B isotope is significantly higher than that of boron’s other
isotopes [8]. Therefore, 1B enriched boron carbide pellets are used in control rods of nuclear
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reactors [9]. Borax-containing water is used in fuel storage ponds of boiling water-based
nuclear reactors to draw heat away from the reactor core. Further, the aqueous solution
containing sodium borax also prevents reactor corrosion. Boron-doped steel and concrete
are used in the construction of nuclear power plants [8]. In addition to the nuclear energy
industry, boron also finds its applications in other radiation-related fields, such as nuclear
medicine, where boron is used in neutron capture therapy applications (BNCT) [10,11].

Recently, polymer matrix composites as radiation shields received a lot of attention
due to their lightweight and flexibility [7,12-19]. Boron carbide is one of the favorable
reinforcement materials for radiation-shielding polymer matrix composites because of its
high 1°B content. The influence of matrix type, filler ratio, and distribution in the matrix
phase and reinforcement’s particle size on the composite’s shielding performance has been
widely studied [6,12,20-22]. Boron carbide-reinforced polymer matrix composites show
excellent neutron shielding ability. Nevertheless, they exhibit poor gamma and X-ray
shielding performance due to the low molecular weight of boron carbide [7,23,24].

Elements with high atomic numbers tend to provide effective shielding against high-
energy radiation such as X-rays and gamma-rays. Indeed, lead, with a high density
(11.5g/ cm?®) and atomic number (Z = 82), is a traditional material used for gamma-ray
protection, especially in nuclear power plants, medical diagnosis and treatment centers.
However, due to its high toxicity, lead has to be covered with structural materials such as
concrete, which increases the thickness of the shielding material [25]. Therefore, the use of
lead in nuclear shielding applications is reducing, and the plates made of W, Al, Fe, and Cu
metals are emerging alternatives. In concrete structures reinforced with metal plates, metal
plates provide gamma protection, while concrete provides neutron protection with its high
hydrogen and oxygen content. There are also cases where concrete is enriched with boron-
containing elements for advanced neutron protection [26]. However, heavy materials such
as lead, concrete, or metal plates are not suitable materials for every application. Especially
in agriculture, gamma and X-rays are used for pest control, improving soil and water qual-
ity, and promoting plant growth. Therefore, unlike heavy concrete and metal plates, lighter
materials with even optical transmittance are required [27]. Materials that are expected to
have a radiation-absorbing effect as well as optical transmittance, are also needed in spare
parts of nuclear medicine and various characterization devices [28]. Intensive efforts have
been made in developing new generation glass and glass-ceramic materials, especially for
such applications [29]. The effectiveness of various oxide compounds, including ZnO, CuO,
Dy,03, Al,O3, V,05, Si0,, CdO, SrO, Bi; O3, CoO, and Nd, O3, as gamma-shielding addi-
tives in glass compositions has been intensively investigated due to their high molecular
weight and ability to participate in the glass network structure [28,30-37].

Most materials used in the nuclear shielding industry today only provide good protec-
tion against either particle or photon type of radiation. Multi-layer radiation shields are
commonly used to shield against both particle and photon radiation. In these multi-layer
shields, one-layer shields against neutrons, and the other layer attenuates the gamma
rays [38-40]. Nevertheless, stacking multiple layers results in thick, high-weight, and
costly structures.

To address these issues, new shielding materials with good neutron and gamma-ray
attenuation capacities should be explored. Transition metal borides are a class of materials
with fascinating properties such as superconductivity, high hardness, high melting tempera-
tures, and ultra incompressibility [41]. Transition metal borides show high stoichiometric
and structural flexibility (M;B, MB, MB4, MBg, M3By, MB;, M;By, etc.). Transition metal
borides can be classified according to their boron-to-metal elemental ratio. Typically, boron-
rich transition metal borides display a B:M ratio of at least 4:1 whereas compounds with
lower boron-to-metal ratio are known as metal-rich borides. Borides containing group 4 and
5 transition metals are ultra-refractory materials due to their melting temperatures higher
than 3000 °C and their ability to maintain their hardness up to 2000 °C [42]. Borides also
exhibit high strength, chemical stability, thermal conductivity, electrical conductivity, wear
and corrosion resistance [43]. The discovery of the superconductivity of magnesium di-
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boride (MgB2) led researchers to investigate borides with a similar crystal structure as MgB2
and increased the interest in metal borides. It has been reported that the planar structure of
hexagonally stacked boron atoms has a great influence on the superconductivity in MB2 [44].
Recently, borides of Nb, Mo, W, and Re were also found to display superconductivity.

Transition metal borides are the combination of high-atomic-weight elements and
boron, which have high neutron capture cross-section. Furthermore, there are elements
with a very large neutron absorption cross-sectional area among the f-block elements, which
are a subset of transition metals and are frequently referred to as lanthanides, rare-earth
elements, or inner transition metals. Therefore, it is anticipated that transition metal borides
may possess good attenuation capacity for both particle and photon radiations. In this
contribution, for the first time in the literature, the radiation shielding performance of
transition metal boride compounds is comparatively investigated.

2. Materials and Methods
2.1. Compound Selection

Two main parameters were considered to design an all-in-one radiation shielding
compound. The compound should contain at least one high atomic number non-toxic
element to achieve effective gamma and X-ray radiation shielding. The second criterion
is the presence of at least one element with a high neutron absorption cross-section in the
compound. Transition metal borides can be formed in a wide range of stoichiometric ratios
and fulfill both requirements. To evaluate the shielding performance of transition metal
borides, a wide range of elements with moderate to high atomic numbers (Z) were selected,
and selected elements were emphasized in the periodic table in Figure 1a. Only thermody-
namically stable compounds were selected. Borides of group 3 inner transition metals can
form in hexa-boride (TMBg) with cubic crystal structure and Pm3 ™ m symmetry [45]. Ina
hexa-boride crystal structure, TM is bonded in a 24-coordinate geometry to twenty-four
equivalent B atoms. TM-B bond lengths are in the range of 3.05 (for LaBg) -2.99 (for LuBg)
A. B is bonded in a 5-coordinate geometry to four equivalent TM and five equivalent B
atoms. There is one short and four long B-B bonds. The length of short B-B bonds varies
in the range of 1.66 (for LaBg) to 1.62 A (for LuBg). Long B-B bonds vary from 1.76 (for
LaBg) to 1.74 (for LuBg) [45,46]. On the other hand, di-boride (TMB,) stoichiometry with
hexagonal crystal structure and P6/mmm symmetry is thermodynamically more stable
for groups 4, 5, and 6 transition metal borides [47]. TM is bonded to twelve equivalent
B3~ atoms to form a mixture of edge and face-sharing TMB1, cuboctahedra. All B-B bond
lengths are the same, and W-B bond lengths vary in a wide range. The schematic drawings
of crystal structures of di-borides and hexa-borides are presented in Figure 1b,c. Further
details of transition metal borides, such as electronic state, phonon dispersion, diffraction
patterns, aqueous stability, charge density, and other properties, can be found in the Ma-
terials Explorer application, which is shared openly in the public domain [48]. Therefore,
hexa-borides of group 3 transition metals and di-borides of groups 4, 5, and 6 transition
metal borides were selected to investigate and presented in Table 1.

Table 1. Theoretical density values of the investigated compounds [48].

Di-Borides
TiB2 ZI'B2 NbB2 MOB2 HfB2 TaB2 WBz ReBz
Density 4 55 6.07 6.78 7.33 11.24 1227 1242 12.62
(g/cm?)
Hexa-Borides
LaB6 NdB(, SmB6 EuB6 DyB6 EI‘B6
Density ) 7 493 5.14 5.01 5.54 5.70
(g/cm?)
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Figure 1. (a) Selected elements, crystal structures of (b) di-boride and (c) hexa-boride [45].

2.2. Theoretical Calculations

Theoretical simulations were conducted using PHY-X/PSD, NGCal and EpiXS soft-
ware, which are freely available in the public domains for academic use [49-53]. The
density values of the investigated compounds listed in Table 1 were used for calculations.
The calculations were conducted based on the molar ratios of boron and transition metals
in each compound. The ratio of boron to transition metal in di-boride compounds is 2:1,
and boron to inner transition metal in hexa-borides is 6:1.

Firstly, the linear attenuation coefficients (LAC) and mass attenuation coefficients
(MAC) were investigated. For a particular target, the LAC expresses the interaction chance
between gamma rays and the target’s per unit thickness. It can be defined by Lambert-Beer
law, as shown in Equation (1).

I=TIpe ™ (1)

Iy and I represent the gamma beam’s initial and attenuated intensity values. x is the
target’s thickness in cm, and y is the LAC (cm™1). The mass attenuation coefficient (j,;
cm?/g) can be obtained by dividing the LAC by the target’s density (o), equivalent to
Equation (2).

pm = (p/p) =1In(lo/1)/ px )
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The half-value layer (HVL; cm) and the tenth-value layer (TVL; cm) are commonly em-
ployed parameters for describing the shielding performance of a target material. HVL and
TVL specify the needed thicknesses to obtain a 50% and 90% reduction in the intensity of
the initial radiation beam. Both of these values can be obtained from the linear attenuation
coefficient (i) using Equations (3) and (4).

HVL =n (2)/ ®3)

TVL = In (10)/u 4)

Since the neutrons do not have any charge, they can pass through the electron shell of
an atom and interact with its nucleus by multiple mechanisms such as scattering, nuclear
fission, and neutron capture. This phenomenon complicates the determination of neutron
removal cross-section in contrast to gamma photons. Nevertheless, calculating a fast
neutron removal cross-section by using Equation (5) is an effective approach to gaining
knowledge about the neutron shielding capability of matter. )  is the total neutron removal
cross-section, p; is the partial density, and (}_r/p); (cm?/ g) is the ith constituent’s mass
removal cross-section.

Y=Y 0i ) r/0)i ©)

3. Results and Discussion

The mass attenuation coefficient describes the material’s radiation attenuation ability,
and a higher coefficient implies a greater ability for gamma-ray shielding. Figure 2a,b
demonstrates the relation between the mass attenuation coefficient of the composites and
incident photon energy. The trend for the mass attenuation coefficient is similar for all
transition metal borides, and the lowest tested energy yields individually the greatest
mass attenuation coefficient values. Further, the attenuation coefficients of all investigated
transition metal borides decrease rapidly with the increase in photon energy up to 0.1 MeV.
Photoelectric absorption is the most prominent interaction mechanism for low-energy
photons, and it depends highly on the atomic number of elements. Indeed, the likelihood
of the photoelectric effect rises with increasing atomic number of the elements in the
attenuator [54]. Therefore, in the low photon energy region up to 0.1 MeV, the mass
attenuation coefficient values of the transition metal borides shows direct correlation with
the atomic number of the transition metals and follows the order of ReB, > WB, > TaB,
> HfB, > ErB; > DyB¢> EuBg > SmBg > NdBg> LaBg > MoB; > NbB, > ZrB; > TiB,. This
suggests that the likelihood of atoms of ReB, interacting with photons is more than that
of other transition metal borides. Further, for all compounds except TiB,, an abrupt rise
in the mass attenuation coefficient values at approximately 0.04-0.08 MeV was observed
(Figure 2b). A photon is absorbed during the photoelectric absorption phenomenon, and
an electron is ejected from the target atom. The energy of the absorbed photon is used to
remove the electron from its shell, and the electron carries away all the remaining energy.
However, an electron from a particular shell cannot be ejected if the photon energy falls
below the binding energy of that shell. Since the K-shell electrons, which are the most
tightly bound, require high energy to get ejected, characteristic “absorption edges” appear
on attenuation coefficient variation versus photon energy plots [55]. So, the observed
sudden rises in attenuation coefficient plots are because of the K-absorption edges of the
transition metals. Since the titanium’s K-absorption edge is at 0.004966 MeV and the plots
given in Figure 2a-d start from 0.01 MeV, it could not be seen in these plots. Nevertheless,
the K-absorption edge of TiB; is visible in Figure 2e [56].

In the intermediate energy level between 0.1 MeV and 3 MeV, the reduction in mass
attenuation coefficients is slowed down for all compounds. In this region, Compton
scattering is the dominant interaction mechanism, and it does not heavily depend on the
atomic number of the elements. Therefore, the difference between the mass attenuation
coefficient values of the investigated transition metal borides is markedly reduced. In
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the following energy region (beyond 3 MeV), the pair production phenomenon becomes
dominant over Compton scattering. Unlike Compton scattering, the pair production cross-
section is proportional to the squared atomic number Z? of the scattering nucleus [57].
Due to this reason, the mass attenuation coefficient of the transition metal borides slowly
increases above the photon energy range of 3 MeV.
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Figure 2. The variation in (a,b) the mass attenuation coefficient and (c,d) the linear attenuation

coefficient with the incident photon energy for the transition metal borides and Pb. The total cross-
section variations in (e) TiB2 and (f) ReB2 with the incident photon energy.
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We remark that the trends for linear and mass attenuation coefficients are expectedly
similar, as seen in Figure 2c. Nevertheless, unlike the mass attenuation coefficient, the
density influences the linear attenuation coefficient [58]. Therefore, the difference between
the linear attenuation coefficient values of the transition metal borides is higher than
their mass attenuation coefficient values (Figure 2b,d). Furthermore, the linear and mass
attenuation coefficient variations in ReB,, WBy, and TaB, are competitive with Pb in the
selected energy region (Figure 2a-d).

The attenuation coefficient is the most crucial factor determining how gamma radiation
penetrates and diffuses through extended media. The quantity of the attenuation coefficient
depends on the photon energy E and the atomic number Z of the medium. Since the
attenuation coefficient is proportional to the total photon interaction cross-section, the
sum of the cross-sections for all the elementary scattering and absorption processes must
be considered. The total cross-section can be considered as a sum of the photoelectric
absorption, Compton collision, and pair production cross-sections per atom of a compound.
The total cross-section variations in TiB, and ReB;, which are the lowest and highest-
performing compounds against photons, are presented separately in Figures 2e and 2f,
respectively. The dominant regions for photoelectric absorption, Compton collision, and
pair production are seen in these figures. Most notably, the incoherent scattering dominates
the larger photon energy range for the TiB, compound in contrast to the ReB,. Because
of Re’s higher Z value, ReB; exhibits larger photoelectric absorption and pair production
cross-sections and provides better shielding than TiB;.

Zeg of the investigated transition metal borides against incident photon energies are
illustrated in Figure 3. Generally, a material with a higher Z,s provides more targets to
collide with protons than a material with a lower Z,4; hence, it experiences more interactions
with photons. Therefore, a material with a high Z, value is preferred for nuclear shielding
applications. It is now well established that the compounds containing heavy atoms possess
high Zofs values. Indeed, ReB,, WB; TaB; and HfB; containing heavy transition metals
exhibit comparatively higher Z, values than other samples against all photon energies.

On the other hand, the trend observed in Z is similar to the mass attenuation
coefficient, Z, of all samples first decreases then increases with the increase in photon
energy. This is because of the dominating photoelectric effect, Compton scattering, and
pair production in different energy zones. The Zy values of compounds lie between 12
and 74. The highest Z,s values for all samples were obtained at 0.02 MeV due to the
photoelectric absorption, and those are 74, 73, 72, and 71 for ReB,, WB;, TaB, and HfB,,
respectively. Contrarily, the lowest Z.g values occurred in the intermediate energy region
where Compton scattering is dominant (0.3—4 MeV). Although the pair production event
requires a minimum energy of 1.022 MeV, the dominance of this event usually begins after
photon energies of 4 MeV. Therefore, a slight increase in the Z¢ values beyond 4 MeV can
be ascribed to the pair formation event.

The effective atomic number variation of Pb against the photon energy is also seen in
Figure 3. In contrast to the investigated boride compounds, the effective atomic number
of Pb is almost constant against the whole selected energy region. The linear Z.4 value
variation indicates the stability of the target materials’ shielding performance with increased
photon energy [50]. The observed high Z,¢ value change in boride compounds is because
of the differences between the atomic number of boron and transition metal elements.

The mean free path, the half-value layer, and the tenth-value layer are important
shielding parameters that can be used to determine the material’s amount and cost for
providing sufficient radiation shielding. The mean free path is the average distance a photon
travels in the radiation shield before it experiences a change in its energy or direction. On
the other hand, the value layer and the tenth-value layer refer to the material thickness
to lower the intensity of incident radiation by half and 90%, respectively. Therefore, the
lower mean free path, half-value layer, and tenth-value layer values of a shielding material
correspond to greater attenuating ability. The mean free path of the investigated transition
metal borides for energies up to 15 MeV is given in Figure 4a. Obviously, the mean free
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path of the transition metal borides is low for low-energy photons. Nevertheless, the mean
free path of transition metal borides demonstrates an increasing trend with the energy
increment up to approximately 4 MeV. Then, it starts to decrease above the aforementioned
energy due to the pair production effect. Indeed, the highest mean free path values for
all transition metal borides are observed at approximately 4 MeV. Notably, the estimated
mean free path of ReBy, WB; TaB, and HfB, at all tested energies are significantly lower
than other transition metal borides, which can be ascribed to the higher density of these
compounds as compared to the other investigated transition metal borides. Meanwhile,
TiB, possesses the highest mean free path values at all tested photon energies due to the
low atomic number of Ti.
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<+ WB, |
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Figure 3. Variation in effective atomic numbers of the transition metal borides in the photon energy
range of 0.015-15 MeV.

On the other hand, a similar trend to that of the mean free path was observed in the
variation in both the half-value layer and the tenth-value layer with the incident energy.
Indeed, ReB,, WB;, TaB;, and HfB, demonstrated significantly less half-value layer and
tenth-value layer values, as seen in Figure 4c,e. In these plots, ReB, has the lowest half-
value layer and tenth-value layer values. At 4 MeV, the half-value layer and the tenth-value
layer of ReB, reach their maximum, with 1.38 cm and 4.59 cm, respectively. Note that
despite its high toxicity, lead is the most commonly used material in nuclear shielding due
to its excellent gamma shielding ability. Therefore, the mean free path, half-value layer,
and tenth-value layer values of ReB,, WB, TaB, and HfB, are compared with those of
lead, and the results are presented in Figure 3b,d f. It can be seen that ReB,, WB, and TaB;
have better radiation shielding capacities relative to lead in the selected energy regions. It
is notable to mention that Re is one of the rarest metals with an approximate abundance
of 1 ug kg’1 [59]. On the contrary, the earth’s crust contains 103 times higher W and Ta
than Re. The results indicate that WB; and TaB, performed considerably similar shielding
performance with ReB,. So, to fabricate all-in-one radiation shielding materials, choosing
WB, and TaB, over ReB, would be more cost-effective and sustainable.
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Figure 4. The variation in (a) the mean free path, (c) the half-value layer, and (e) the tenth-value layer

with the photon energy for the transition metal borides. Comparison of (b) the mean free path, (d) the

half-value layer and (f) the tenth-value layer of selected transition metal borides with Pb.
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Fast Neutron Removal Cross Section (cm™)

In addition to the gamma shielding characteristics, the fast neutron removal cross-
section parameter of the transition metal borides was also investigated to assess their total
macroscopic cross-sections for fast neutrons. Note that boron is a great neutron absorber
due to its high neutron cross-section, as seen in Figure 5b. Therefore, boron-containing
materials are commonly used as neutron shields. The fast neutron removal cross-section
values of the investigated transition metal borides vary in the range of 0.127-0.2 cm ™~
as seen in Figure 5a. Since the density of the compound and the weight fractions of the
elements it contains are also important factors in calculating the fast neutron removal
cross-section, the decreasing fast neutron removal cross-section order is ReB, > WB, > TaB;
> HfBz > MoB, > NbB2 > TiB, ZrB, > EI‘B6 > DyB6 > SmB6 > NdB6 > LaB6 > EuB6. Although
the neutron capture cross-section of Sm is the highest, its contribution to the fast neutron
removal cross-section is rather small. This is because of the relatively lower density of SmBg
and weight fraction of Sm in SmBg_ It is also worth mentioning that several transition metal
borides investigated in this study outperform many extensively used neutron shielding
materials. The calculated fast neutron removal cross-section values of the ReB,, WB,, TaB,,
HfB,, MoB,, NbB,, ZrB,, and TiB, are significantly higher than those of lead (0.118 cm™ 1),
B4C (0.141 cm~!), NiO and PbO added borate glasses (0.111 cm '), concrete (0.094 cm 1),
graphite (0.077 cm™ 1), and paraffin (0.077 cm 1) [30,35,60].
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Figure 5. The fast neutron removal cross-sections (a) of the investigated transition metal borides and
neutron capture cross-sections (b) of elements.

Further the fast neutron removal cross-sections of transition metal borides, the mass
and linear attenuation factors for thermal (0.025 eV) and fast (4 MeV) neutrons at specific
energies were also investigated (Figure 6). The results provided by NGCal software were
found to be consistent with the neutron capture cross-section of elements that constitute
the transition metal boride compounds shown in Figure 5b. SmBg, EuBg, and DyBg out-
performed the rest of the transition metal borides on attenuating thermal neutrons with
0.025 eV energy, as seen in Figure 6a,c. On the other hand, for fast neutrons (4 MeV), DyBg
showed the highest neutron attenuation Figure 6b,d. Due to dysprosium’s larger neutron
capture cross section at 4 MeV, DyBg even exceeded SmBg.

The mass and linear neutron attenuation factors of widely used B4C were also cal-
culated to compare with selected transition metal borides (Table 2). For fast neutrons at
4 MeV energy, both the mass and linear neutron attenuation factors of B4C were found to
be lower than SmBg and DyBg. The mass neutron attenuation factor of B4C with 33.51172
at a neutron energy of 0.025 eV is slightly higher than SmBg. Nevertheless, it decreases to
0.07678 for fast neutrons.
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Figure 6. The mass (a,b) and linear (c,d) attenuation factors of selected compounds for thermal and
fast neutrons.

Table 2. The comparison of the neutron attenuation factors of SmBg and DyBg with B4C.

The Mass Attenuation Factors The Linear Attenuation Factors
Thermal Neutrons Fast Neutrons Thermal Neutrons Fast Neutrons
(0.025 eV) (4 MeV) (0.025 eV) (4 MeV)
B,C 33.51172 0.07678 84.44954 0.19349
SmBg 29.58439 0.14001 152.06374 0.71963
DyBg 14.99297 0.17228 70.57155 0.17271

It can be concluded that transition metal borides provide excellent particle and photon
shielding simultaneously, and they have the potential to surpass widely used radiation
shielding materials Pb and B4C. Nevertheless, further experimental tests are required to
verify the theoretical model’s accuracy and the transition metal borides’ true potential.

4. Conclusions

In this study, photon and particle radiation shielding capacities of 14 different transi-
tion metal borides were evaluated, and the results were compared with commonly used
radiation shielding materials. A thorough examination of the MAC, LAC, MFP, HVL, TVL,
Z., and FNRCS parameters demonstrated that transition metal borides possess excellent
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gamma and neutron radiation attenuation properties. MAC values of the transition metal
borides exhibit a strong correlation with the atomic number of the transition metals and
follow the order of ReB; > WB, > TaB, > HfB, > ErBg > DyBg > EuBg > SmBg > NdBg >
LaBg > MoB, > NbB, > ZrB, > TiB,. Meanwhile, MFP values of ReBy, WB, and TaB; at
4 MeV are 1,99, 2.06, and 2.09, respectively. These results indicate that these three materials
have superior gamma-ray attenuation capability than lead, which is the most commonly
used radiation shielding material in nuclear applications.

On the other hand, the FNRCS ()_R) of the transition metal borides depended on the
density of the compounds and was found to increase as the density of the compounds
increased. Seven transition metal borides, including ReB, (0.2 cm 1), WB, (0.197 cm™1),
TaB, (0.196 cm™1), HfB, (0.182 cm™1), MoB, (0.167 cm™1), NbB, (0.155 cm™1), ZrB,
(0.143 cm~!) and TiB, (0.144 cm™!), were found to have better fast neutron removal
cross-sections than Pb (0.118 cm™'), B4C (0.141 cm™!), borate glasses (0.111 cm™ ),
concrete (0.094 cm™1), and graphite (0.077 cm™1). The ReB, has the highest fast neutron
removal cross-section among the investigated transition metal borides. The transition
metal boride’s mass and linear neutron attenuation factors strongly correlate with the
neutron capture cross-section of constituted elements. The borides of all rare-earth
transition metals showed better neutron attenuation for thermal neutrons with 0.025 eV
energy than the rest. For thermal neutrons, higher neutron capture cross-sections of Sm,
Eu, and Dy led to the best neutron attenuation performance for SmBg, EuBg, and DyBg
compounds. On the other hand, for fast neutrons with 4 MeV energy, DyBg outperformed.
Most notably, SmBg and DyBg were found to have superior neutron attenuation factors
than B4C. The cost is also an important factor in designing sustainable radiation shielding
materials. The low abundance of some rare earth elements and Re can increase the cost
of their boride compounds. Nevertheless, the comparable price/performance ratio of
WB,, TaB,, and SmBg with B4C and nontoxicity over Pb make these compounds potential
candidates for future developments in nuclear protection. Consequently, transition metal
borides, especially ReB,, WB;, TaB,, SmB¢, and DyBg, show not only great gamma-ray
shielding but also desirable neutron attenuation characteristics and can be excellent
candidates for nuclear safety applications.
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Abstract: This study employs a systematic and predictive modelling approach to investigate the
structure and properties of multi-component borate glasses. In particular, this work is focused on
understanding the individual and interaction effects of multiple constituents on several material
properties. By leveraging advanced modeling techniques, this work examines how the inclusion
and variation of B,O3, CaF,, TiO;, ZnO, and Nay;COj3 influence the glass network, with particular
attention to modifier fractions > 30 mol%. This research addresses the gap in knowledge regarding
the complex behavior of borate glasses in this high modifier fraction range, known as the borate
anomaly, where prediction of glass structure and properties becomes particularly challenging. The
use of a design of mixtures (DoM) approach facilitated the generation of polynomial equations
indicating the influence of mixture components on various responses, enabling the prediction and
optimization of glass properties over broad compositional ranges despite being within the anomalous
region. This methodical approach not only advances our understanding of borate glass systems but
also underscores the importance of predictive modelling in the accelerated design and development
of novel glass materials for diverse applications.

Keywords: borate glass; design of mixtures; borate anomaly; optimization; predictive modelling

1. Introduction

Relative to traditional tissue engineering constructs, bioactive glasses are structurally
simple, yet functionally complex materials capable of promoting a range of desirable
material and host responses via the controlled release of multiple therapeutic inorganic
ions (T1I) [1,2]. The localized delivery of these bioactive ions offers significant advantages
over other chemical and biochemical compounds (e.g., carbohydrates, lipids, proteins, and
nucleic acids) for drug delivery. These advantages include, but are not limited to, (i) high
thermal stability and thus easier manufacturing, processing, and storage, (ii) the ability
to interact synergistically with other ions, (iii) reduced cost, and (iv) the elimination of
additional drug loading steps as the therapeutic ions are directly incorporated into the
synthesis of the glass itself [3,4]. Similar to typical organic drug biomolecules, such as
growth factors, Tlls have been demonstrated to alter cellular functions and metabolism
as enzyme cofactors and/or by activating ion channels or secondary signaling [3,5]. The
controlled release of TIIs is dependent on the composition of the glass and how each
constituent alters the structural characteristics of the network. Therefore, to understand
how TIIs can be harnessed to modulate various biological responses (e.g., antibacterial,
anti-inflammatory, osteoinductive, and angiogenic processes), one must first understand
the physical, chemical, and structural properties of a given glass system.
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Within the vast landscape of glass compositions capable of eliciting desired material
and host responses, it is noteworthy that a significant focus in the investigation of bioactive
glasses centers around silicate glass networks [6]. Despite their prominence, it is important
to acknowledge that these glass systems present challenges in some indications, such as
slow and incomplete degradation. This is attributed to the low solubility of silica and
the formation of a silica-rich gel layer on the glass surface, which, in turn, restricts the
diffusion of ions into the solution [7-9]. In the context of bone tissue engineering, for
example, this translates into slow and incomplete conversion to hydroxyapatite (HA),
which results in decreased rates of bone formation, longer healing times, and residual
materials at the implant site [9,10]. As a result of such limitations, there exists opportunities
to discover and explore a broader spectrum of glass compositions with distinct degradation
profiles and payloads of TlIs. Contrary to their silicate counterparts, and of increasing
interest in the literature, borate glasses undergo complete degradation, a process that can be
adjusted through the selection of specific T1ls, characterized as either network modifying,
network forming, or intermediate elements, and their inclusion into the molecular network
of the glass [11]. Consequently, borate glasses are gaining increasing interest in biomedical
applications for their ability to act as fully resorbable carrier systems for the controlled and
localized delivery of TlIs [12-14].

Unlike the properties of silicate glasses, which vary monotonically with the network-
modifying fraction of oxides contained within the glass structure, borate glass properties
exhibit extrema in response to specific quantities of network modifier(s) and the presence
of certain basic structural and superstructural units [11]. For instance, upon the addition of
a network modifier to the borate glass network, the trigonal B3 structural units convert
to tetrahedral B, ~ units. This conversion takes place until an added modifier fraction
of approximately 30 mol% has been reached, whereafter, further addition of modifier
leads to the formation of non-bridging oxygens and the subsequent decrease in B, ™
units [11,15]. An increased number of four-coordinated boron structural units increases
the connectivity of the glass network, thus providing enhanced hydrolytic stability and
resistance to degradation. In contrast, the formation of non-bridging oxygens leads to a
more disrupted glass network and, hence, a more reactive material. Therefore, the type
and fraction of network-modifying elements included in the network can be tailored to
modulate the structure and dissolution of borate glasses, providing improved control and
predictability over a range of material and host responses.

The non-linear structural behavior exhibited by borate glasses is referred to as the
borate anomaly [11,16]. This behavior is the basis upon which glasses containing a network
modifier fraction greater than 30 mol% are notoriously difficult to predict and thus vastly
understudied [6,11]. Furthermore, the behavior of borate glass systems has primarily been
reported for binary glass substitutions of alkali or alkaline earth network modifiers [11].
Hence, the properties of ternary and quaternary borate glass systems are more poorly
understood, while those of greater complexity, comprising multiple cations and anions
with variable valences and cationic field strengths, are even less predictable.

As such, the ongoing investigation of borate glass systems is currently faced with excit-
ing opportunities for growth. The potential for streamlined development of these materials,
especially those containing more than two components, substitutions from groups beyond
alkali and alkaline earth metals, and modifier fractions exceeding 30 mol%, is substantial.
However, as with other advanced material technologies, the accelerated translation of
these materials towards clinical use has been somewhat hindered by a current lack of
comprehensive knowledge surrounding their structure and properties [17-19]. This limited
understanding is associated with the use of traditional trial-and-error style approaches
and/or one-variable-at-a-time (OVAT) methodologies in the study of glass materials. While
these approaches have played a significant role in the design and development of novel
glass materials, the sequential adjustments of individual variables characteristic of these
methodologies can be extremely time-consuming, resource intensive, and impractical for
investigating extensive combinatorial palettes of glass chemistries. Specifically, trial-and-
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error or OVAT approaches may inadvertently overlook or underestimate the complexity
of multi-component glasses and the likelihood for elements to interact with each other,
forming synergistic relationships within the network that may influence material and host
responses. Hence, this complicates our ability to predict the individual and interaction
effects of glass constituents, especially in systems comprising multiple cations and anions
with variable valences and cationic field strengths. Without the ability to gain insights into
these complex relationships, traditional methodologies may not efficiently navigate the
multidimensional space of compositional factors, thus precluding the simultaneous opti-
mization of multiple variables. In light of these considerations, there is a clear imperative
for more sophisticated and comprehensive approaches to ensure scientific rigor, accuracy,
and sustainability in the design of glass materials [20-22].

Further investigation of borate glass materials is necessary to support their accel-
erated discovery, design, and deployment across a wide range of indications, including
biomedical, nuclear, and industrial applications. Given the complex nature of these sys-
tems, quantifying and predicting the composition-structure-property relationships within
these materials requires comprehensive and systematic evaluation. In this regard, the
Materials Genome Initiative (MGI) advanced a new paradigm for accelerated materials
innovation [19]. The approach of the MGI encourages the combination of experimentation,
theory, and computation to permit the high-throughput screening, prediction, and opti-
mization of new materials and promotes the collaboration of researchers based on shared
access to numerous materials datasets [19,23]. One systematic approach that conforms
to the objectives of the MGI and supports the accurate prediction of materials proper-
ties across broad compositional ranges is the design of mixtures (DoM) approach. This
approach simultaneously integrates experimental methods and advanced modelling to
generate statistically driven polynomial equations that indicate the relative influences
of mixture components, both individually and interactively, on a given response. Using
surface regression methodologies, this approach permits the prediction and optimization of
materials for a wide variety of desirable properties, which, unlike traditional trial-and-error
style approaches, elucidates a more deliberate and streamlined design of materials [24-28].
Accordingly, the primary objective of the current study is to employ a DoM approach to
predict the individual and interaction effects of multiple constituents on the physical and
chemical properties of multi-component, degradable borate glasses with modifier fractions
> 30 mol%, a compositional region that is poorly understood and difficult to predict.

2. Material and Methods
2.1. Material Design and Synthesis

The compositions for each glass were established using Design-Expert Software (Ver-
sion 13). A DoM I-optimal quadratic model was utilized based on five components (B,Os3,
CaF,, TiOy, ZnO, NayCOs3). Specifically, the I-optimal algorithm was chosen to accommo-
date this complex mixture, comprising multiple components with varying compositional
ranges. Furthermore, this algorithm chooses formulations (i.e., runs) that minimize the
integral of prediction variance across the design space, making it the recommended algo-
rithm for optimization of the materials. A quadratic model was necessary to gain insight
into not only the individual effects of each component (as provided with a linear model),
but also the second-order interaction effects. Various test melts were conducted to confirm
the compositional constraints of each constituent (Table 1). Based on these constraints,
the model yielded a total of 23 randomized glass formulations for investigation (Table 2),
consisting of 15 model points, 4 lack of fit points, and 4 replicates. Replicate compositions
were included to verify reproducibility in glass synthesis and characterization processes
and to increase the predictive power of the model. Using standard analysis of variance
(ANOVA), a quadratic Scheffe polynomial equation was fitted to each measured response
based on the following equation:
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Y = [SlA + [528 + [33(: + B4D + [35E + BleB + [513AC + [314AD + B15AE + [323BC +
24BD + B25BE + 334CD + 35CE + f45DE

where A to E represent the compositional factors, (31_5 coefficients represent the effect of
the individual compositional factors A to E, and (1,_45 are the coefficients of regression,
which represent the effects of the interactions between the compositional factors A to E [29].
This response surface regression model approach was used to quantitatively determine the
relative impacts of each glass constituent, both individually and interactively, on variable
material properties, such as density, Tg, and fraction of B3 and B4 structural units.

Table 1. Mixture components and design constraint summary.

Component Units M1n1n1um Maxm(l’um Coded Low Coded High Mean Std. Dew.
[mol%] [mol%]
B,O3 Mol% 45 70 +0 <> 45 +0.55 <> 70 59.69 7.65
CaF, Mol% 0 20 +0+ 0 +0.44 + 20 11.70 7.08
TiO, Mol% 0 10 +0+ 0 +0.22 + 10 5.32 3.90
ZnO Mol% 5 20 +0 < 5 +0.33 <> 20 13.28 5.78
Na,CO3 Mol% 5 15 +0 <5 +0.22 <+ 15 10.01 4.06

Table 2. Compositions of the 23 glasses (mol%), as identified by the constraints outlined in Table 1.
Within the table there are four replicate compositions consisting of 1 and 12, 3 and 6, 4 and 5, and 17
and 21.

3203 Can Ti02 ZnO N32C03
1 70.00 13.47 3.10 5.00 8.43
2 45.00 20.00 10.00 20.00 5.00
3 54.61 11.44 10.00 13.33 10.62
4 63.26 2.08 4.76 20.00 9.90
5 63.26 2.08 4.76 20.00 9.90
6 54.61 11.44 10.00 13.33 10.62
7 64.78 6.38 8.83 5.00 15.00
8 64.75 8.65 6.16 15.43 5.00
9 45.00 20.00 7.77 12.23 15.00
10 70.00 0.00 10.00 12.75 7.25
11 55.24 13.99 5.78 19.99 5.00
12 70.00 13.47 3.10 5.00 8.43
13 50.44 14.34 0.22 20.00 15.00
14 68.01 3.17 1.36 12.46 15.00
15 60.00 20.00 0.00 5.00 15.00
16 53.20 17.96 9.74 5.00 14.10
17 56.49 20.00 2.01 13.54 7.97
18 60.00 20.00 10.00 5.00 5.00
19 55.00 0.00 10.00 20.00 15.00
20 69.82 6.73 0.00 18.44 5.00
21 56.49 20.00 2.01 13.54 7.97
22 65.89 16.23 0.00 12.88 5.00
23 57.01 7.56 2.86 17.57 15.00

Glasses were synthesized via the traditional melt quenching technique. Succinctly,
analytical-grade boric anhydride, calcium fluoride, titanium (IV) oxide, zinc oxide, and
sodium carbonate reagents (Sigma-Aldrich, Burlington, MA, USA) were weighed out in
accordance with compositions listed in Table 2 and homogenized for 1 h prior to being
transferred to 50 mL Pt-Rh crucibles (XRF Scientific, Montreal, QC, Canada) for melting [30].
The crucible was placed in a high-temperature box furnace (Carbolite, RHF 16/3) and
followed a two-step thermal process; materials were heated from room temperature to
850 °C (10 °C/min) and held for 2 h for calcination, then ramped from 850 °C to 1200 °C
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(10 °C/min) and held for 1 h for melting. Each melt was quenched using stainless steel
plates, and the resulting frit was ground and sieved (ASTM E-11 [31] compliant sieves)
to obtain particles in size ranges of <90 pm, 90-710 pum, and > 710 um diameter (Superla
Sieve™, Newark Wire Cloth Company, Clifton, NJ, USA). Glasses were stored in desiccated
conditions until the time of subsequent analysis.

2.2. Particle Size Analysis

A Malvern Mastersizer 3000 laser diffraction particle size analyzer was used as per the
manufacturer’s instructions. Samples of each glass, sieved to 90-710 pm, were suspended
in deionized water to obtain an obscuration value for the suspension between 5 and 8%. The
glass suspension was then measured using both a blue (A =470 nm) and a red (A = 632.8 nm)
laser. Each glass suspension was measured five times (n = 5), and particle size distribution
data were reported as the mean diameter Dx90, Dx50, and Dx10 (particle diameters at 90%,
50%, and 10% cumulative size, respectively).

2.3. X-ray Diffraction

X-ray diffraction analysis was performed using a Bruker D2 phaser (Bruker, Billerica,
MA, USA) equipped with a Lynx-Eye 1D detector (linear array). Powder specimens of each
composition were loaded into a PMMA sample holder and analyzed in the region between
10° <20 < 60° with a step size of 20 = 0.03 and a step time of 2 s. XRD spectra were
analyzed using Bruker Diffrac.Eva (https://www.bruker.com/en/products-and-solutions/
diffractometers-and-x-ray-microscopes/x-ray-diffractometers/ diffrac-suite-software / diffrac-
eva.html) to calculate the relative fraction of crystalline material in each sample by eval-
uating the amorphous baseline to crystalline peak separation. Where applicable, Diffrac.Eva
software was used to identify crystalline phases through peak matching against
reference databases.

2.4. Density

An AccuPyc 1340 helium pycnometer (Micromeritics, Norcross, GA, USA) equipped
with a 1 cm? insert chamber was used to determine the density of each glass composition
as per manufacturer instructions [32]. Briefly, 0.5-0.6 g of glass powder was used for
each measurement, and each measurement consisted of 10 fill and purge cycles (run in
triplicate). The results were reported as the average + standard deviation (SD) of three
replicate measurements.

2.5. Differential Scanning Calorimetry

A simultaneous thermal analysis Luxx 409 PC STA with Auto-Sampler (Netzsch-
Geratebau-GMBH, Exton, PA, USA) was used to analyze each glass composition. Ap-
proximately 20-30 mg of glass powder was weighed out, placed into Pt-Rh crucibles, and
heated at 10 °C/min from 30 to 1000 °C (Standard Test Method for Assignment of the Glass
Transition Temperatures by Differential Scanning Calorimetry, ASTM E1356 [33]). Proteus
Thermal Analysis software (Version 8.0.2) was used to determine the extrapolated glass
transition temperature (Tg) (inflection).

2.6. 1B MAS NMR

1B magic angle spinning (MAS) NMR spectra were acquired using a 16.4 T Bruker
Avance NMR spectrometer (!B Larmor frequency = 224.67 MHz) equipped with a 2.5 mm
HX probe head operating in single resonance mode. !B parameters were calibrated on
solid NaBH,4, which was also used as a secondary chemical shift reference (—42.1 ppm
relative to BF3-Et,0O). All samples were spun at 20 kHz MAS frequency, producing 64 scans.
A single 0.63 ps pulse was used for all experiments, corresponding to a pulse angle of
roughly 15° in a nearby cubic environment of NaBH,. Spin lattice relaxation times were
determined separately for the B3 and B4 groups using a saturation recovery sequence and
were found to be around 6-9 s. The pulse repetition times were chosen to be 5 s. The
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boron background was removed by subtracting the spectrum of the used empty rotor
from the sample spectra. After baseline correction with a spline function, the peak heights,
widths, and integral values were determined for the B3 and B4 groups using XWinNMR's
native tools.

2.7. Optimization and Validation

A response surface optimization study using Design-Expert Software (Version 13)
was conducted to predict two new desirable glass compositions tailored to meet a set of
optimization criteria (listed in Table 3). The optimization criteria for the two formula-
tions (denoted as optimized glass A and B) were chosen to yield solutions with distinct
compositions. This design permits a comprehensive investigation of model predictabil-
ity across two glass systems exhibiting variable structure and properties. For instance,
it was preferred that optimized glass A feature a B,O3 content at the upper end of the
compositional constraints (70 mol%), thus representing a composition on the upper limit of
the anomalous region (i.e., modifier fraction = 30 mol%), as defined by the binary borate
glass literature [11,15]. In contrast, optimized glass B was preferred to have a B,O3 content
within the specified compositional range (45 to 70 mol%), thus representing a composition
within the anomalous region. Design-Expert software systematically generated numerous
potential solutions based on the optimization criteria selected.

Table 3. Criteria for optimized glass formulations.

Optimization Criteria

Lower  Upper Goal: Goal:
Factor/Response Units .. . Importance Optimized Optimized
Limit Limit
Glass A Glass B
B,O3 Mol% 45 70 3 Maximize In range
CaF, Mol% 0 20 3 In range In range
TiO, Mol% 0 10 3 In range In range
ZnO Mol% 5 20 3 In range In range
Na,CO3 Mol% 5 15 3 In range In range
Density g/cm3 2.4 3.1 5 Target = 2.5 Target =2.9
%B4 Y% 23.59 42.41 3 Minimize Maximize
Ty °C 471.6 563.8 3 Target = 540 Target = 510
Crystallinity % 0.86 19.62 3 Minimize Minimize

The two optimal glass formulations were chosen based on the desirability score
assigned to each solution. The desirability score serves as an objective function, ranging
from zero (outside of the limits) to one (at the goal), and is contingent on how closely
the lower and upper limits align with the actual optimum. The numerical optimization
process identifies a point that maximizes the desirability function. Therefore, at both
optimized settings, the solution with the highest desirability score was selected as the
preferred candidate.

The two chosen optimized formulations were synthesized using the same parameters
as the initial 23 glasses. Subsequently, density, DSC, and !'B MAS NMR analyses were
repeated on the optimized glasses using the same parameters as the initial 23 glasses.
Furthermore, XRD analysis was conducted on the optimized glasses to verify the absence
of identifiable crystalline species, with a doubled step time to account for the use of a low
background sample holder. The actual experimental values were compared to the predicted
values of the model using a two-sided confidence interval of 95% to validate the predictive
power of the model. If actual values fell within the 95% prediction intervals, this indicated
that the model predicted accurately at those optimized settings.
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3. Results
3.1. Glass Synthesis

All compositions were successfully synthesized and formed flowable melts capable of
being poured and quenched. The quenched glasses varied in opacity. Compositions #7,
10, and 19 were almost entirely white opaque materials upon quenching, which were later
verified as partially crystalline materials via XRD analysis, exhibiting % crystallinities of
12%, 17%, and 15%, respectively.

3.2. Particle Size Analysis

Each glass was processed to meet the particle size distribution of 90-710 pm. The Dx10,
Dx50, and Dx90 values for each glass composition were measured (Table 4) to confirm
repeatability and reproducibility in the glass processing.

Table 4. Material characterization results for particle size, density, crystallinity, glass transition
temperature, and boron structural units for each glass composition.

Dx(10) Dx(50) Dx(90) Density % Crystallinity Tg o o .
[wm] [1m] [wm]  [glemd] [%] °Cl B3 B4 B3:B4
1 120 332 731 2.50 1.7 537.5 66.3 33.6 1.97
2 114 278 605 3.17 1.7 532 66.1 33.9 1.95
3 145 372 755 2.85 3.1 518.8 64.7 35.3 1.83
4 128 319 658 2.73 3.5 503.6 69.2 30.7 2.25
5 104 259 593 2.73 3.8 517 69.5 30.5 2.28
6 111 268 565 2.84 32 516.6 64.3 35.7 1.80
7 113 299 638 248 12 4941 66.4 33.5 1.98
8 122 329 676 2.63 3.7 545.6 69.3 30.7 225
9 119 302 626 2.83 1.5 471.6 63.9 36.1 1.77
10 154 380 742 243 16.9 487.2 76.4 23.6 3.24
11 130 337 677 2.94 27 551 64.3 35.7 1.80
12 111 291 647 247 22 532.6 65.9 34.1 1.93
13 118 319 697 2.90 1.9 482.1 63.8 36.2 1.76
14 151 407 769 2.57 1.8 499.5 66.7 33.3 2.00
15 135 367 725 2.64 27 516.6 57.6 424 1.36
16 104 261 574 2.77 32 504.7 61.0 39.0 1.57
17 134 334 666 2.88 1.9 527.6 61.4 38.6 1.59
18 147 373 734 2.68 2.8 563.6 63.4 36.6 1.73
19 124 302 589 2.80 15 490.9 67.2 32.8 2.05
20 120 334 656 2.63 24 541.3 70.4 29.5 2.38
21 98.4 218 458 2.81 2.1 535.3 61.4 38.6 1.59
22 132 330 658 2.66 1.8 563.8 64.0 36.0 1.78
23 136 377 728 2.74 2.3 495.1 64.0 36.0 1.78
3.3. Density

Density values ranged from 2.43 to 3.17 g/cm? (Figure 1A, Table 4). A quadratic model
with statistical significance, as represented in Table 5, was developed to understand the
relative influence of glass constituents, both individually and interactively, on glass density.
Examination of the coefficients relating to the model suggests that factors contributing to an
increase in the density response, ranked in order of magnitude, are BO3*Na,CO3 > TiO; >
Zn0O > Can*Na2C03 > Can > ZnO*NazCO3 > B203 > TiOz*N&zCOg, > BzOg,*Can. Factors
that contribute to a decrease in density, ranked in order of magnitude, are TiO,*ZnO >
By03*TiO; > NapyCO3 > CaFp*TiO; > CaF,*Zn0O > B,O3*Zn0. A 3D surface plot (Figure 1A)
representing the density response with respect to the variable concentrations of each
glass constituent is also shown. The strongest correlation observed from the density data
was an increase in density with decreasing B,O3 content (Figure 1B). Full model details,
including coded coefficients and ANOVA outputs (R?, adjusted R?, predicted R?, C.V. (%),
and adequate precision), are provided in Table 5. The predicted R? is within reasonable
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agreement with the adjusted R? (i.e., the difference between the two values is less than 0.2),
and the adequate precision (i.e., signal-to-noise ratio) is greater than 4 for every response,
indicating the predictive power of the models.

Component Coding: Actual 3D Surface

Density (g/cm3)
24333 I 31657 Correlation: -0.876 sa]
Color points by value of [ ]
A:B203

s [ 70

X1 = A B:Os
X2 = B: CaF:
X3 = C:TiO:

Actual Components
D:ZnO = 134375
E: Na:CO: = 10.:625

Density (g/cm3)

Density (g/cm3)

C (30.9375

B (30.9375)
(A) (B)

Figure 1. (A) 3D surface plot representing the density response across the compositional ranges of
each constituent in the series. (B) Correlation graph of density vs. B,O3 content.

Table 5. Regression model coded equations based on L_Pseudo components for each response
generated through Design-Expert. The summarized ANOVA including the R?, adjusted R?, predicted
R?, C.V. (%), and adequate precision is also included. The predicted R? for each response is within
reasonable agreement to the adjusted R2 (i.e., difference of <0.2) and the adequate precision values
are greater than 4.

Response Regression Model R? Adjusted R? Predicted R? C.V. (%) %;lei?;ligt:

1.87 * BoO3 + 2.88 * CaF, + 5.05 * TiO, + 3.91 * ZnO + —0.66 *
Na2CO3 +0.73* B203CaF2 + —3.33* BzO3TiOz +—0.21*%
Density B203Zn0 + 5.68 * B,O3NayCO3 + —2.01 * CaF,TiO, + —0.53 * 0.99 0.98 0.83 0.92 36.69
CaF,Zn0 + 3.66 * CaF,NapCO;5 + —3.46 * TiO,ZnO + 1.07 *
TiO,Na,CO; + 2.70 * ZnONa, CO5

10.08 * BoO3 + 34.51 * CaF, + 115.20 * TiO, + 24.56 * ZnO +
11415 * NayCOs3 + —64.99 * B,O5CaF + —50.99 * B,05TiO, +
% ~51.33 * B,O3Zn0 + —157.37 * ByO3Na,CO; + —284.31 *
Crystallinity CaF,TiO, + —57.53 * CaFoZnO + —203.37 * CaF;NayCO3 + 097 0.97 0.85 17.08 27.01
~145.93 * Ti0,Zn0 + — 159.41 * TiO,NayCO;3
+ ~186.40 * ZnONayCO3

44242 * B,Oj + 461.74 * CaF, + 569.54 * TiO, + 525.10 * ZnO +
673.09 * NayCO; + 489.77 * B,O5CaF, + —115.04 * B,O3TiO, +
T, 194.12 * ByO3ZnO + —161.92 * B,O3Na,CO; + 200.86 * 0.99 0.97 0.91 0.92 24.14
CaF,TiO, + 10.17 * CaF,ZnO + —467.98 * CaF,Na,CO3 + 65.39 *
TiO,ZnO + —535.48 * TiO,Na,CO3 + —509.61 * ZnONa,COs

9453 * B,Oj + 60.04 * CaF, +74.86 * TiO, + 75.23 * ZnO + 52.91
*NapCOj3 + —65.06 * B,O3CaF, + —12.24 * ByO3TiO, + —46.87 *
%B3 B,03Zn0 + —54.87 * ByO3NayCO3 + —9.13 * CaF, TiO, + —091 0.9 0.99 0.93 0.59 60.79
*CaF,Zn0 + 13.00 * CaF,NayCO5 + —20.20 * TiO»ZnO + —0.19
* TiO,NayCOs + 15.02 * ZnONa,COs3

5.46 * BoO3 + 39.96 * CaF; + 25.14 * TiO, + 24.77 * ZnO + 47.08 *
Na,COj + 65.06 * ByO3CaF, + 12.23 * ByO5 TiO, + 46.87 *
%B4 ByO03Zn0 + 54.87 * BO3Nap,CO3 +9.13 * CaF, TiO, + 091 * 0.99 0.99 0.93 1.13 60.79
CaFyZn0O + —13.00 * CaF;Na;CO;3 + 20.20 * TiO,ZnO + 0.19 *
TiOzNa2C03 + —15.02 % ZnONaZCO3

4.65*By03 +2.24 * CaF; + 6.26 * TiO; + 244 * ZnO + 0.43 *
Na,COj + —7.67 * ByO3CaF, + —3.86 * B,O3TiO, + —3.51 *
B3:B4 B,05Zn0 + —4.85 * ByO3Na,CO3 + —7.82 * CaF, TiO, + —0.82* 0.9 0.99 0.89 2.17 54.56
CaF,ZnO +2.17 * CaF,Na,CO3 + —5.17 * TiO,ZnO + —6.06 *
TiOzNa2C03 +1.31* ZnON82CO3
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3.4. X-ray Diffraction (XRD)

XRD analysis revealed varying degrees of crystallinity, ranging from 1.5% to 16.9%
(Table 4). All glasses were free of identifiable crystalline species except samples #7, 10,
and 19. The XRD spectra of these three samples showed sharp, visible peaks (Figure 2).
Peak matching revealed that these crystalline peaks were characteristic of various titanium
crystals (Table 6). Crystallinity data were used to derive a quadratic model with statistical
significance (Figure 3, Table 5). The factors that contribute to an increase in crystallinity,
ranked in order of magnitude, are TiO; > Na,CO3; > CaF; > ZnO > B,Os. Factors that
contribute to a decrease in crystallinity, ranked in order of magnitude, are CaF,*TiO, >
Can*Na2C03 > ZnO*Na2C03 > TiOz*NﬁzCOg > BzOg*NﬁzCO:; > TiOz*ZnO > BzO3*CaF2 >
CaF,*Zn0O > B,03*Zn0 > B,O3*TiO;. An additional finding with respect to the crystallinity
of the glasses was an apparent effect between the TiO,:CaF, concentration and crystallinity.
To examine this effect, components B: CaF; and C: TiO; were removed from the axes of
the 3D surface plot for crystallinity to permit visualization of the response surface upon
adjusting these two constituents (Figure 4A-C). As shown in Figure 4A-C, the crystallinity
of the glasses is at its maximum when the CaF, content is minimized (0 mol%) and the
TiO, content is maximized (10 mol%). In contrast, the crystallinity is low when the CaF,
content is maximized (20 mol%) and the TiO, content is maximized, or, similarly, if the
CaF, content is maximized and the TiO, content is minimized (0 mol%). In addition, the
difference between TiO; content and CaF, content was modelled to investigate whether
there was a correlation between crystallinity and TiO,-CaF, (Figure 4D).

TiF #10 (Coupled TwoTheta/Theta)

TiF #7 (Coupled TwoTheta/Theta)

T TIF#10
1 TE# I COD 1511015 80.024 OsTi
| COD 5000223 TiCsAnatas se | COD 1534781 O:Ti

COD 1010901 051z

Counts
Counts

ARARRERRRRERRRRENR

2 * # € 2 0 o E)

2Theta (Coupled TwoTheta/Theta) WL=1.54060 2Theta (Coupled TwoTheta/Theta) WL=1.54060
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I COD 9004142 O:Ti Rutile
1 COD 1511015 80.024 OaTi

T
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Figure 2. XRD crystal peak matching of samples (A) #7, (B) #10, and (C) #19.

121



Materials 2024, 17, 2073

Component Coding: Actual

3D Surface

Crystallinity (%)
15 [ 59

X1 = AB:0:
X2 = B: CaFz
X3 =CTiO:

Actual Components
D:Zn0O = 13.4375
ENaCOs = 10625

Crystallinity (%)

B (30.9375)

C (30.9375)

Figure 3. 3D surface plot representing the % crystallinity response across the compositional ranges of

each constituent in the series.
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Figure 4. 3D surface plots representing the % crystallinity response for three distinct scenarios
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((A) Minimum CaF; and maximum TiOj,; (B) maximum CaF; and maximum TiO,; (C) maximum
CaF,; and minimum TiO,). (D) Correlation graph of crystallinity vs. TiO,-CaF,.
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Table 6. Identification of crystals precipitated in samples #7, 10, 19.

Sample No. CODID Chemical Name
7 COD 5000223 Titanium oxide—anatase
10 COD 1511015 Ti B0.024 O,
COD 1534781 TiO,
19 COD 9004142 Titanium oxide—rutile
COD 1511015 Ti B0.024 O,

3.5. 11B MAS NMR

A representative 'B MAS NMR line spectra is provided in Figure 5C. The peaks
represent the B3 (12-20 ppm) and B4 ((—3)-5 ppm) units in the sample. The ''B MAS
NMR data for %B3 were fitted to a quadratic model with statistical significance (Table 5).
The %B3 values ranged from 57.6 to 76.4% (Table 4). The strongest correlation observed
from the ''B MAS NMR data was an increase in the B4 fractions and a decrease in the
B3 fractions with increasing quantities of CaF, (Figure 5A). Analysis of the coefficients
derived from the coded equation for this response indicate that the glass constituents that
contribute to an increase in %B3, ranked in order of magnitude, are B,O3 > ZnO > TiO, >
CaF; > NayCO3 > ZnO*NayCO3 > CaF;*NayCOs. The glass constituents that contributed
to a decrease in %B3, ranked in order of magnitude, are B,O3*CaF, > B,O3*Nay,CO5 >
BO03*Zn0O > TiO»*ZnO > B,O3*TiO, > CaF,*TiO, > CaF,*Zn0O > TiO,*NayCOs.

Similarly, the data for %B4 were fitted to a quadratic model with statistical significance
(Table 5). The %B4 values ranged from 23.6 to 42.4% (Table 4). The factors that contribute
to an increase in %B4, ranked in order of magnitude, are B,O3*CaF; > B,O3*Nay;CO3 >
Na2C03 > BzOg*Zl"lO > CaF2 > TIOZ >7Zn0 > TiOz*ZnO > 8203*]-'102 > Can*TiOZ > 13203
> CaF»,*Zn0O > TiO,*Na,COs. The factors that contribute to a decrease in %B4, ranked in
order of magnitude, are ZnO*Na,COj3 > CaF,*Na,CO:s.

Lastly, analysis of the B3:B4 ratio (Figure 5B) produced a statistically significant
quadratic model (Table 5), with values ranging from 1.358 to 3.24 (Table 4). The factors that
contributed to an increase in B3:B4, ranked in order of magnitude, are TiO, > B,O3 > ZnO >
CaF, > CaF,*Na;CO3 > ZnO*Nay;CO3 > NayCOj3. The factors that contributed to a decrease
in B3:B4, ranked in order of magnitude, are CaF,*TiO; > B,O3*CaF, > TiO,*Na;CO3 >
TiOZ*ZI’lO > B203*Na2CO3 > BzOg,*TiOz > B203*ZHO > Can*ZI‘lO.

Additionally, the experimental fraction of trigonally coordinated boron was plotted
against the intended B,O3 concentration in the glasses (Figure 5D). The 2% error bars
(vertical axis) account for potential variations in the NMR data when determining the
relative fraction of B3. As shown in Figure 5D, the data points are very scattered, and
therefore, the correlation between B,O3 content and boron coordination is somewhat
ambiguous. To investigate this scattering further, NMR spectra for samples with identical
B,O3 concentrations but varying concentrations of additive components were overlayed
to compare the B3 and B4 sites (e.g., position and shape) and investigate the impact of
varying modifiers on glasses with constant ByO3 content. Two representative overlay plots
are shown in Figure 6A,B, wherein the B3:B4 ratios clearly varied across samples. Although
some variation between samples was expected due to differences in the modifying elements
and their concentrations, these deviations warranted further investigation.
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Figure 5. (A) 3D surface plot depicting the ratio of B3:B4 structural units relative to varying amounts
of each constituent in the series. (B) Correlations graphs of %B4 vs. CaF; content. (C) Representative
1B MAS NMR spectra for the glasses under investigation (sample #1). (D) Experimentally obtained
concentration of B3 versus intended B,O3 concentration for each glass in the series.

Because these glasses are highly complex, consisting of several different cations as well
as oxygen and a fluoride, a typical B3 to O:B correlation could not be used. Alternatively,
the B3 content was plotted against the overall cation charge per boron atom based on the
intended and actual compositions (Figure 7). For pure B,O3, the charge per boron is 3, and
one would expect to see 100%B3. Similarly, for tetrahedrally coordinated boron, one would
see 0%B3. Based on this, a slope of —100%/charge is expected. However, as shown in
Figure 7, the slopes correlating with the raw NMR data were —4.6 and —4.3, respectively.
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Figure 6. Overlay plots of glass samples having the same concentration of B,Oj3, but varying
concentrations of additive elements. (A) Overlay plot of sample #1, 12, 10, all having 70 mol% B,O3
(note: samples #1 and 12 are replicate compositions). (B) Overlay plot of sample #9 and 2, both having
45 mol% B,Os.
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Figure 7. Fraction of B3 versus the overall cation charge per boron atom based on the intended
composition of each glass (blue) and the actual, experimental composition of each glass (orange).

3.6. Differential Scanning Calorimetry

Ty values ranged from 471.6 °C to 563.8 °C (Table 4). These values were fitted to a
quadratic model with statistical significance (Figure 8A, Table 5). Analysis of the coefficients
derived from the coded equation describing this model indicates that the glass constituents
contributing to an increase in Tg, ranked in order of magnitude, are Na,CO3 > TiO; > ZnO >
BzO3*CaF2 > CaF, > B203 > CaFy*TiO, > B203*ZI’IO > TiO,*Zn0O > CaF,*Zn0. Constituents
that contribute to a decrease in Tg, ranked in order of magnitude, are TiO,*Na,CO; >
ZnO*NayCO;3 > CaF;*NayCO3 > BoO3*NayCO3 > B,O3*TiO,. The strongest correlation

observed from DSC data was an increased Ty with decreasing NayCOj3 content (Figure 8B).
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Figure 8. (A) 3D surface plot representing the T response across the compositional ranges of each
constituent in the series. (B) Correlation graph of Tg vs. Na,COj3 content.

As shown by the coefficients in the coded equations in Table 5, the individual and
interaction terms associated with a given constituent can have opposing impacts. To
provide enhanced clarity on the overall impact of a single constituent on a given response,
a graphical correlation table is depicted in Figure 9.
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Figure 9. Correlation table indicating correlations that exist between glass constituents and responses.

Correlations are represented on a color scale, wherein red indicates a positive correlation and blue
indicates a negative correlation.
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3.7. Optimization and Validation

The two optimal glass formulations derived from the optimization criteria outlined in
Table 3 are shown in Table 7. The predicted values for density, %B3, %B4, Ty, as well as
desirability scores for each optimized formulation, are also included in Table 7.

Table 7. Composition of optimized formulations and predicted values for select parameters.

Density

Glass B,0;3; CaF, TiO, ZnO Na,CO3 [ g/cm3] %B3 %B4 Tg [°Cl]  Desirability
A 70.0 8.1 3.2 13.7 5.0 2.5 70.7 29.2 539.9 0.902
B 51.9 20.0 3.5 14.8 9.81 29 62.2 37.8 510.0 0.942

XRD analysis confirmed that both optimized glasses were free from identifiable crys-
talline species. The actual experimental values derived from density, DSC, and 'B MAS
NMR analyses of optimized glasses A and B are listed in Tables 8 and 9, respectively, as
well as the predicted values of the model and the 95% prediction interval lower and upper
limits. As shown in Tables 8 and 9, the actual values are within the 95% prediction interval
for density and Tg. However, the results for %B3 and %B4 fall outside the model’s pre-
diction interval, indicating that the %B3 and %B4 models are not predicting as accurately
as desired.

Table 8. Predicted and actual values for density, Tg, %B3, and %B4 responses for optimized glass
A. Actual values that fall within the 95% prediction interval indicate that the model for that given
response is predicting accurately at the optimized settings. Actual values that do not fall within the
95% prediction interval are highlighted in red.

Optimized Glass A
Response Predicted 9?::;2?53;“ Actual 95:{;::? ;_;:;:1
Density [g/cm?] 25 2.428 2.548 2.571
T [°C] 539.9 526.464 534.2 553.602
B3 [%] 70.75 69.637 69 71.853
B4 [%] 29.25 28.147 31 30.363

Table 9. Predicted and actual values for density, Tg, %B4, and %B3 responses for optimized glass
B. Actual values that fall within the 95% prediction interval indicate that the model for that given
response is predicting accurately at the optimized settings. Actual values that do not fall within the
95% prediction interval are highlighted in red.

Optimized Glass B
Response Predicted 9?::;:.:11%:;11 Actual 9151:{:::31 ;_;:;?
Density [g/cm?] 2.9 2.831 2.874 2.971
T [°C] 510 496.5 511 523.159
B3 [%] 62.19 61.118 60 63.296
B4 [%] 37.81 36.704 40 38.882

4. Discussion

The non-linear behavior exhibited in borate glass systems is referred to as the bo-
rate anomaly and is the reason why the structure and properties of borate glasses with
modifier fractions greater than 30 mol% are very difficult to predict [11,16]. The difficulty
in predicting the composition—structure—property relationships of borate glasses in this
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high modifier fraction range introduces a significant hurdle in advancing the optimization
of glass compositions beyond conventional limits. In essence, addressing the challenges
posed by the borate anomaly has the potential to unlock new avenues for innovation in
glass science and broaden the scope of materials with enhanced functionalities.

Recognizing the limitations of traditional trial-and-error or OVAT approaches in
understanding the constituent interactions that occur within such complex glass systems
has encouraged a shift towards adopting more advanced methodology. As such, a DoM
approach was taken for this investigation. This approach stands out for its ability to discern
both the individual and interaction effects of each glass constituent on material properties,
thus offering a more profound understanding of the convoluted relationships that exist
within a glass system. Moreover, it permits rapid screening across broad compositional
ranges, thus directly supporting the accelerated design, development, and deployment
of novel glass materials. The glass system under investigation in this work was designed
(from a compositional standpoint) within an interesting region of the borate anomaly
where structural behavior is not well defined [11]. Specifically, these glasses have modifier
fractions ranging between 30 and 55 mol%. While this region offers the opportunity
to experiment within a wide range of structural constraints, the variability in network
properties makes it extremely difficult to predict. This challenge is exacerbated by the
inclusion of multiple elements belonging to various groups (i.e., groups 1, 2,4, 12,13, 17)
and exhibiting variable physical properties.

As shown in Table 5, the DoM statistical modelling approach has permitted the gener-
ation of polynomial equations with coded coefficients that indicate the relative influence
of each constituent on variable responses. These equations are dependent on the design
constraints listed in Table 1, wherein the concentrations of each constituent (in mol%) are
constrained to add to a fixed total (i.e., 100 mol%), meaning that the value of a given con-
stituent is necessarily dependent on the values of the others. These polynomial equations
are extremely valuable predictive tools and clearly illustrate that the complex interactions
that occur between glass constituents can have massive implications on material structure
and properties. To gain insight into whether a given constituent is causing an increase
or decrease in a response, the polynomial equation should be used in conjunction with
the correlations table (Figure 9) and the 3D surface plots. The correlations table is a direct
visualization of the inputs versus the outputs (i.e., data versus data), independent of any
model. This table is extremely valuable in identifying any correlations that exist between
two properties or between property and composition. Alternatively, the 3D surface plots
are a visual representation of a given response relative to the variable concentrations of
each constituent in the glass. The 3D surface plots alone demonstrate the non-linearity
and unpredictability of relationships within these complex glass systems. This graphical
representation not only showcases the complexity of the system but also highlights the
utility of predictive modelling approaches. Specifically, these systematic methods simulta-
neously predict the individual and interaction effects of multiple constituents on material
properties over vast compositional ranges, providing a comprehensive understanding that
transcends linear interpretations.

As shown in Figure 1B, there was a linear correlation observed between density and
B,Oj3 content in these glasses, wherein the density increased with decreasing B,Os content.
This behavior can also be seen in the 3D surface plot representing the density response
(Figure 1A), wherein the surface contour is at its lowest point and component A: B,Oj3 is at
its maximum. This trend may be explained by the increasing fraction of modifying elements
that is associated with a decreasing B,O3 content, as these modifying elements have higher
atomic masses compared to boron (e.g., the atomic mass of B is 10.811 g/mol while the
atomic masses of Ti, Zn, Ca, and F are 47.867, 65.38, 40.078, and 18.998 g/mol, respectively).
Similar findings have been reported in the literature with respect to the effect of ZnO [34]
and TiO; [35] on increasing the density of borate glasses. This is further supported by the
relative impact of each modifying element on density, as per the coded equation in Table 5,
wherein the constituents with larger atomic masses (e.g., TiO; and ZnO) had the greatest
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individual impacts on increasing density, as would be expected. Furthermore, titanium and
zinc are classified as intermediate elements according to Sun and Dietzel’s classifications,
meaning they can act as glass network modifiers or glass network formers depending
on the glass composition [16]. For instance, titanium has been shown to exist in [TiO4],
[TiOs]%~, and [TiOg]*>~ coordination states, wherein it assumes different roles based on its
structure and the type of glass network [36]. Specifically in borate glass networks, titanium
has been reported to exist as a network former in the TiO4 tetrahedral state and a network
modifier in the TiOg2~ octahedral state [26,29,30,37-39]. Similarly, in borate glass networks,
zinc has been shown to act as a network former in the fourfold coordination state and a
network modifier in the sixfold coordination state [40-45]. Therefore, it is possible that
these constituents increased the density of these glasses by (1) assuming a network-forming
role, thus contributing to building the basic framework of the glass, or (2) acting as a
network modifier and forming crosslinks between existing borate units, thus increasing
the network connectivity of the glass. For instance, in a borate glass network, the addition
of TiO, up to 15 mol% was reported to cause a substitution of BO33~ units with Ti** units
due to the small ionic radius and large electric charge of Ti** ions [46]. This resulted
in the formation of B-O-Ti bonds rather than B-O-B bonds and was reported to cause
increased network connectivity. Alternatively, a study by El-Falaky and Guirguis found
that the addition of ZnO up to 35 mol% to a borate glass caused a decrease in tetrahedrally
coordinated boron, as ZnOy4 assumed the role of a network former and gradually replaced
borate units. This resulted in an increase in the number of bonds per unit volume, an
increased packing density, and a decreased molar volume [44]. These findings reiterate
how glass structural behavior varies depending on the number of modifying elements,
the properties of these modifying elements, and the concentrations of each element in the
network, further emphasizing the importance of understanding the influence that each
constituent has on material properties, both individually and interactively.

Another interesting finding observed in this work was the correlation between the
appearance of quenched glass samples and their measured % crystallinities. The quenched
glass samples varied in appearance, some being completely transparent, and others with
varying fractions of white, opaque coloring mixed throughout. XRD analysis confirmed the
absence of identifiable crystalline species in all samples, except for samples # 7, 10, and 19.
These three samples had the largest fractions of white opaque coloring and had the highest
% crystallinities, according to XRD analysis. Peak matching of the XRD spectra pertaining
to these three samples revealed the presence of various titanium crystals, such as anatase
and rutile, indicating that titanium is likely phase separating into crystalline phases. Similar
findings have been reported in the literature with respect to the role of titanium in inducing
crystallization in various glasses and glass ceramics [36,38,46-51]. In fact, titanium is
widely acknowledged as an effective nucleating agent and is believed to act as a catalyst for
initiating crystallization centers that induce controlled bulk crystallization and subsequent
volume crystallization [38]. Interestingly, as shown in Figure 4, there appeared to be an
effect between the CaF,/TiO; ratio and the crystallinity of the glasses, wherein samples
with the greatest % crystallinities included higher concentrations of TiO, compared to CaF,.
This effect was further supported by the correlation between crystallinity and TiO,—CaF,,
wherein an increased % crystallinity was correlated with an increased difference between
TiO; and CaF,. This suggests that the presence of CaF, may have hindered the formation of
titanium crystalline phases within the glasses. The potential Ti crystalline phase separation
in the glasses under investigation was further evidenced through !B MAS NMR findings.

The "B MAS NMR data in Figure 5D show the percentage of trigonally coordinated
boron plotted against the intended B,O3 content in the glasses. Contrary to what is known
in the binary borate glass literature with respect to changes in boron coordination with
varying the B,O3 content, there were no identifiable trends between the B3 fraction and the
B,O3 content for these glasses. Furthermore, the data points in Figure 5D appeared to be
very scattered. To investigate the cause of the scattering, the NMR spectra for samples with
identical BpO3 concentrations but varying concentrations of additive components were
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overlayed to compare the position and shape of the B3 and B4 sites (representative plots
shown in Figure 6A,B). These overlay plots, in combination with Figure 5B, demonstrate
how, even across samples having identical B,O3 content, the B3:B4 ratios varied, which
can be attributed to the differences in modifier type and concentrations. For instance, these
variations may be a result of some of the Ti** being exchanged with cations with +2 or
+1 charge. Such substitutions could disrupt the charge balance in the network, leading to
changes in the overall structure, connectivity, and stability of the glass. For example, the
substitution of a Ti** cation with a Na* cation may result in a decrease in O-Ti-O crosslinks
between borate structural groups and an increased formation of non-bridging oxygens,
wherein the smaller Na™ network-modifying cations fit more easily into the cages/sites of
the existing network, and the Ti** cations may preferentially assume a network-forming
role in forming crosslinks between borate units. A graphical representation illustrating
the potential structural modifications induced by the inclusion of network modifiers, such
as Na™, can be found in previous work [11]. Furthermore, compositional differences be-
tween intended and actual concentrations arising from changes during the melting process
could potentially contribute to the observed deviations. However, the change in cation
charges and the small compositional changes that could arise between intended and actual
compositions under normal circumstances are not sufficient to fully explain the scatter in
the data. Similar deviations were observed when the B3 content was plotted against the
overall cation charge per boron atom based on intended and actual compositions (Figure 7).
Evidently, both plots show trendlines far from the predicted slope of —100%/charge and
are almost flat. Two possible occurrences that may explain the deviations from expected be-
havior are as follows: (i) The sample composition changed dramatically from the intended
composition, and (ii) phase separation is occurring within the glasses. With regards to the
former, one possible cause for differences in the intended versus actual compositions is
that the majority of fluorine included in these glasses was lost during glass synthesis. It
is possible that BF5; formed from the initial components, which is a gaseous compound at
room temperature and has a boiling point of —100.3 °C. If BF; burned off during melting,
this would result in a decreased concentration of both B and F (and potentially other com-
ponents) in the samples, thus altering the content of B3 and B4 units in the network. With
regards to the latter, phase separation could explain the significant variations observed
in the shape and position of the boron signal for 3 and 4-fold coordinated sites in these
samples. Specifically, if a non-boron-containing crystal formed, the relative concentration
of boron in the remaining glassy matrix would be higher than anticipated. Conversely, if
it were a boron-containing crystal, the relative concentration of boron in the glassy phase
would be lower than predicted. These differences in boron content throughout the crystal
and glassy phases and, consequently, the variations in boron content between predicted
and actual concentrations could lead to the fluctuations in %B3 and B4 signals observed in
these glasses.

An additional factor that is likely to contribute to the confounding nature of the borate
network structure in these glasses is the inclusion of two intermediate elements, TiO, and
ZnO. Interestingly, the coefficients for ZnO and TiO, with respect to %B3 (and %B4) were
very similar (e.g., +75.23 * ZnO and +74.86 * TiO;), indicating that these constituents had a
similar impact on this response, despite their different cationic charges and field strengths.
Based on Sun’s single bond strength criterion, Ti and Zn have very similar bond strengths
(i.e., 73 and 72 kcals, respectively), indicating that both elements may assume similar
roles within the network. Furthermore, these two elements have the highest cationic field
strengths of all additive elements in the glasses, indicating that they may dictate structural
changes to satisfy their own requirements. For example, the inclusion of TiO, may favor
the substitution of B-O-B bonds for B-O-Ti bonds, wherein Ti** forms ionic crosslinks
between borate units. Alternatively, titanium may have disrupted the borate network by
forming [TiOg]?>~ octahedrons in which non-bridging oxygens were increasingly formed,
and as a result, the fraction of tetrahedrally coordinated boron decreased. The effect
of titanium on boron coordination in a titanium- and fluorine-containing borate glass
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was previously investigated, wherein the increase in TiO, content up to approximately
25 mol% was associated with a decrease in the proportion of tetrahedrally coordinated
boron, thus indicating a transformation from B4 to B3 structural units in regions enriched
with TiO, [52]. The following Ti coordination change was thought to be the catalyst for this
transformation: TiOy/, + 2B(O,F)4 — Ti(O,F)g + 2BO3. FTIR analysis findings suggested that
this coordination change was associated with an increased presence of network-forming
TiO4 units at low concentrations of TiO, (up to ~10 mol% TiO;) and network modifying
TiOg2 ™~ units at higher concentrations of TiO; (~13 to 20 mol% TiO,). In addition, similar
findings were reported by Lakshmi and Cole [53] in a separate titanium and fluorine-
containing borate glass. Specifically, FTIR analysis revealed that with increasing TiO,
content (up to 0.7 mol%), the intensity of the band assigned to TiOg octahedral units
increased, while the reverse trend ensued for the band assigned to TiO4 tetrahedral units.
Similarly, with increasing TiO, content, the intensity of the band assigned to BO3 units
grew at the expense of the BO4 unit band. Based on these findings, the authors suggested
that titanium assumed the role of a network modifier in the glasses.

With respect to the role Zn has in modulating borate glass structure, it too can enter
the glass network in various coordination states, thus altering the network differently
depending on its structure. When functioning as a network modifier, Zn?* ions disrupt
B-O-B bonds, thus decreasing the number of bridging oxygens in the network. Conversely,
when zinc assumes a network former role, it can take the form of ZnOy structural units,
wherein zinc is covalently bonded with four oxygen ions [43]. In a borate glass, the addition
of ZnO up to 35 mol% was shown to decrease the boron coordination number as ZnOy units
replaced boron atoms in the network [44]. Similarly, for binary zinc-borate glasses, Topper
et al. [34] reported that with the addition of ZnO, there was an increasing population of
high field strength tetrahedral Zn?" units, which led to the depolymerization of larger
borate arrangements due to the increasing number of high charge density borate anions.
The authors noted, however, that the increased number of strong Zn*-O-B crosslinks
partially offset the disruption of the B-O-B bonds. Furthermore, in a separate study on
zinc-containing borate glasses, Cetinkaya et al. found that in samples containing greater
than 5 wt. % ZnO, zinc acted as a network former. This finding was based on the presence
of bands belonging to ZnOy structural units in samples containing greater than 5% ZnO
and the absence of these bands otherwise. In addition, the relative intensities of peaks
corresponding to bridging oxygens were lower for sample BZ5 (5 wt.% ZnO) and increased
for samples BZ10 and BZ15 (10 and 15 wt.% ZnO), thus further supporting the above-
mentioned findings.

Based on the coefficients of the coded equations generated from 'B MAS NMR
analysis, one could assume that, directionally, both TiO, and ZnO are primarily contributing
to an increase in %B3. However, this relationship is not so straight forward, as there are no
strong correlations that exist between either of these constituents and boron coordination,
and the 3D surface plots show variable responses depending on the relative amounts of the
other components. Despite gaining directional information on the influence of these TIIs,
the impact of both intermediate elements on boron coordination is somewhat unclear, and
further studies may be necessary to ascertain the complex structural relationships that exist
in a multi-component borate glass network containing two intermediate elements.

The strongest correlation observed for the boron coordination was an increased con-
centration in %B4 (and a decrease in %B3) with increasing CaF; content (Figure 5A). This
is evidenced by the 3D surface plot for the B3:B4 ratio (Figure 5B), wherein the ratio is
larger where component B:CaF, is at a minimum. According to the coded equation for
%B4 (Table 5), CaF; also had the largest individual impact on increasing the response.
These findings collectively suggest that CaF2 plays a significant role in modulating the
borate network structure. However, the way this constituent affects the network is complex,
owing to the presence of both fluorine and calcium in the starting reagent. In the context
of fluorine, it has been demonstrated, through NMR analysis of aluminosilicate glasses,
that fluorine ions can replace bridging oxygens around silicate tetrahedral units, thereby
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creating non-bridging, dangling bonds and causing a significant reduction in the glass
transition temperature [46]. Similarly, in the borate glass literature, fluorine ions have
been shown to substitute the oxygen around trigonal boron atoms due to the similarity
in ionic radii between oxygen and fluorine [37]. This substitution results in the formation
of non-bridging oxygens and thus increases the fraction of B3 units, contrary to what
was observed in this glass system. Alternatively, additional studies have demonstrated
fluorine’s preference for forming bonds with other modifier elements present in the net-
work, wherein the replacement of bridging oxygens by nonbridging fluorine ions was not
detected [54]. While the mechanism by which fluorine may have induced the increased
formation of B4 units in these glasses is not entirely clear, it is important to consider the
possible discrepancies between the intended and actual fluorine content in these glasses.
As previously discussed, and evidenced through 'F MAS NMR analysis, there was an
absence of fluorine signal in the samples, indicating that the majority of fluorine may
have been burned off in the melting process in gaseous BF3 form. If this were in fact the
case, it is possible that the correlation between %B3 and CaF, was primarily a result of
the calcium. In this regard, Ca®* ions may have increased the conversion of boron from
a 3-coordinated state to a 4-coordinated state by fitting into the interstices of the borate
network and balancing the negative charges on neighboring BO4™ groups [16]. As a result
of this interaction, the network’s connectivity and viscosity increase. Furthermore, in binary
borate glass networks, the addition of CaO up to a maximum of approximately 40 mol% has
been shown to increase the glass network connectivity and increase the formation of BO4~
tetrahedral units at the expense of BO3 units, whereafter the reverse trend ensues [55,56].
In conjunction with density, XRD, and NMR analyses, the thermal characteristics of
the glass networks were also assessed. When comparing the relative effects of each glass
constituent on the glass transition temperature of the materials, the individual term with
the largest coefficient, and thus the greatest impact on Ty, was NayCO3 (Table 5). This
coefficient is positive, indicating that Na;COj3 contributed to an increase in Tg. However, to
understand the overall impact of Na,CO3 on Ty, the interaction terms must be considered.
Interestingly, the coefficients corresponding to interaction terms containing Na, CO3 were
all negative, indicating that Na,COj3 in combination with the other constituents had a
relatively greater negative impact on the glass transition temperature (i.e., contributed to a
decrease in Tg). This was further supported by the strong correlation observed between
Ty and Nap;COj3 content, wherein there was a decreased Ty value with increasing NayCO3
content (Figure 8B). Furthermore, this effect was verified by adjusting the concentration of
component E: Na;COj in the 3D surface plot, wherein the surface clearly shifted to higher
temperatures at the lowest Na,CO3 content and vice versa. These combined findings
demonstrate the complex role that sodium may have in these networks and how that
role may differ when in combination with other constituents. This is a great example of
why it is crucial to understand not only the individual effects of glass constituents, but
also the complex, and evidently influential, synergistic effects that may occur between
them. With regards to the mechanism by which Na,CO3 may cause a decrease in glass
transition behavior, sodium has previously been used as an effective flux in glass materials,
thus increasing the ease of melting and homogenization processes [57]. This is because,
past a certain concentration, the introduction of electropositive cations of alkali metals,
such as Na*, is known to break up the interlinked borate network by converting bridging
oxygen atoms into non-bridging oxygen ions [58]. This conversion decreases the network
connectivity of the glass and thus alters its thermal characteristics, such as viscosity and
glass transition temperature. However, based on the principles of the borate anomaly in
binary Na,O-B,03 glasses, increasing the sodium content initially induces the formation
of BO4™ tetrahedral units at the expense of BO3 units until the fraction of modifier hits a
maximum, whereupon non-bridging oxygens begin to form [11]. Because (1) the glasses
under investigation contain modifier fractions ranging from 30-55 mol% that include
variable concentrations of alkaline, alkaline—earth, transition metal, and halogen elements,
and (2) there were no evident correlations between Na,COj3 content and %B4 and %B3,
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it is difficult to ascertain the role of Na,COj3 in modulating B3 and B4 fractions and how
that might affect the thermal properties of these glasses. Although the boron coordination
is often assumed to be correlated to the glass transition temperature [59], there was no
correlation between the glass transition temperature and %B3 or %B4 in these glasses.
These results indicate that the mechanism by which Na,COj3 caused a decrease in Ty was
not related to the relative fractions of B3 and B4 units in the network. As such, an alternative
theory for the decreased Tg values is that, upon increasing the Na;COj3 content, B-O bonds
are increasingly substituted by lower bond dissociation energy Na—O bonds in the network.
For instance, the addition of Nay,O up to 50 mol% has previously been shown to decrease
the glass transition temperature in Na,O-ZnO-B,0O;3 glasses, wherein authors attributed
this decrease to the low bond association energy of Na—-O bonds (257 kJ /mol) compared to
B-O bonds (806 k] /mol) [60].

Among the many benefits of employing predictive modelling approaches in the design
and development of novel glass materials, perhaps one of the most impactful is the ability
to predict and optimize new formulations tailored to specific properties. Optimization
studies offer a systematic and strategic approach to enhancing the functionality and perfor-
mance of novel materials. These studies allow researchers to fine-tune compositions with
precision, ensuring that the material properties align optimally with desired outcomes. By
leveraging surface regression methodologies, we can not only navigate the complexities of
multidimensional systems but also discover optimal solutions within vast compositional
spaces using limited time and resources. By identifying the most favorable compositions
and configurations, these studies streamline the materials discovery process, paving the
way for quicker translation of novel materials into practical applications. In the current
investigation, the optimization and validation study was used to assess the predictive
capabilities of the models by comparing the measured properties of optimized solutions
against the predicted values of the model. As shown in Tables 8 and 9, the actual values
derived from density and DSC analyses of the two optimized glasses are within the 95%
prediction interval, confirming that the density and Tg models are predicting accurately
at both optimized settings. However, the results arising from 'B MAS NMR analysis
fell outside the model’s 95% prediction interval, indicating that the %B3 and %B4 models
were not predicting as accurately as desired. Although the models generated for %B3 and
%B4 and B3:B4 were statistically significant, the !'B MAS NMR results (specifically the
observed data scattering and deviation from expected behavior) suggested that the changes
in borate network structure were difficult to accurately predict in these systems. This was
somewhat expected given the unpredictable nature of the borate glass structure within the
anomalous region. In light of these findings, it is worth noting that the measured values
for %B3 and %B4 were provided with a £2 to account for measurement error/variability
in chemical shift. If the £2 error is applied to the actual values pertaining to %B3 and
%B4, there is a scenario in which these values fall within the 95% prediction interval for
both optimized glasses. An additional consideration is that the optimization study was
limited by conducting only one confirmation run to confirm the accuracy of the models. In
future work, both optimized formulations should be synthesized and characterized at least
three times to account for any possible variations in glass synthesis, measurement error, or
human error. Ultimately, the results of the current optimization study demonstrate that
by employing a predictive modelling approach, it was possible to accurately predict the
individual and interaction effects of various glass constituents on the density and thermal
properties of these complex, multi-component glasses. Although the optimization and
validation results suggested that the models generated from 'B MAS NMR analysis were
not predicting as accurately as desired, the models still provide directional information on
the individual and interaction effects of each constituent on the borate network structure.

5. Conclusions

The application of a predictive modelling approach, based on Design of Mixtures
(DoM), has successfully elucidated the individual and interaction effects of B,O3, CaFj,
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TiO,, ZnO, and Na;COj3 on the structure and properties of oxyhalide borate glasses with
modifier fractions > 30 mol%. This study highlights the non-linear and complex relation-
ships that exist within multi-component glass systems, particularly within the anomalous
region of borate glasses. Subsequent to developing statistically significant models for
various material characteristics, the authors illustrated how to predict and optimize new
glass compositions tailored for specific properties, offering new insights into the design
and development of soluble glass networks. Although some challenges in predicting
changes in the borate network structure are acknowledged, the study demonstrates the
effectiveness of systematic predictive modelling in overcoming traditional barriers in glass
science. Such advancements will open new avenues for the accelerated discovery and
development of novel glasses for a wide range of applications. Future work will focus on
further elucidating the observed phenomena, particularly the scattering in !'B MAS NMR
data and the potential loss of fluorine during synthesis, to refine our predictive capabilities
and expand our understanding of these complex materials.
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