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The hexagonal structure of LiBH,4 at room temperature can be stabilised by substituting the BH, ™ anion with
|7, leading to high Li-ion conductive materials. A thermodynamic description of the pseudo-binary LiBH4—
Lil system is presented. The system has been explored investigating several compositions, synthetized by
ball milling and subsequently annealed. X-ray diffraction and Differential Scanning Calorimetry have been
exploited to determine structural and thermodynamic features of various samples. The monophasic zone
of the hexagonal Li(BH4); (), solid solution has been experimentally defined equal to 0.18 = x < 0.60 at

25 °C. In order to establish the formation of the hexagonal solid solution, the enthalpy of mixing was
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Accepted 8th April 2024 experimentally determined, converging to a value of 1800 + 410 J mol™ . Additionally, the enthalpy of

melting was acquired for samples that differ in molar fraction. By merging experimental results, literature

DOI: 10.1039/d4ra01642d data and ab initio theoretical calculations, the pseudo-binary LiBH,—Lil phase diagram has been assessed
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Introduction

The sector of renewable energy nowadays is constantly evolving
to reduce emissions of harmful gases, and, at the same time, to
supply the constant increase of energy demand globally,*
especially linked to developing countries. One of the main
problems of renewable energies is related to their storage. In
recent years, the focus of research for energy storage has shifted
to electrochemical systems, i.e., batteries. Starting from 2010,
the global demand for energy storage in batteries increased by
30% annually and reached a ceiling of 180 GW h in 2018.
Furthermore, a continuous growth is expected for the battery
market, equal to an increase of 25% annually up to an estimated
energy storage capacity of 3600 GW h by 2030.?

One of the well-established type of batteries is based on
lithium-ion (LIB). Currently, the main goals of the research on
LIB are to increase their safety and energy density. Nowadays,
the electrolyte of LIB consists in lithium salts, that are dissolved
in flammable organic solvents, such as diethyl carbonate or
tetrahydrofuran.® From a safety point of view, the presence of
these organic solvents is an open issue since they are highly
flammable and volatile. When a LIB is fast charged, it often
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and evaluated across all compositions and temperature ranges by applying the CALPHAD method.

develops an important generation of heat, that cannot easily be
dissipated, resulting in possible thermal runways and
explosions.*

With the introduction of a solid-state electrolytes, these
problems can be overcome, and the research towards new solid-
state electrolytes (SSEs) can lead to the development of new
technologies, such as all solid-state batteries (SSBs).” In SSBs it's
possible to use a lithium metal anode that is one of the most
desirable materials in the field of high-energy applications, due
to its low reduction potential and theoretical capacity. In fact,
this type of anode cannot be implemented in a classical LIB,
because of the occurrence of an uneven Li deposition, that can
lead to short-circuits. Furthermore, by using SSEs, it is possible
to limit or avoid the formation of dendrites, that could also lead
to a short-circuit in the battery, so improving the safety of the
device.® Several materials have been studied as possible SSE
candidates,” such as LISICON-type,® oxide-like lithium
lanthanum titanate,® Li,NH'® and NASICON-type materials." In
the last years, complex hydrides have been also considered as
good candidates as SSE for all solid-state batteries."**

In this field, LiBH, has been proved to be an interesting
compound. In fact, despite being a strong reducing agent,
LiBH, has several good qualities for SSE, such as being a light-
weight material, with a density of 0.666 g cm™*, having a large
electrochemical window and, therefore, being electrochemically
stable up to 2.2 V versus Li'/Li.'*'* This material shows a poly-
morphic transition, with a crystallographic structure change
from an orthorhombic unit cell at room temperature (RT), with
a space group (s. g.) Pnma, to a hexagonal unit cell, s. g. P6;mc,'®
above 110 °C. Even though the hexagonal polymorph has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a remarkable ionic conductivity (¢ ~ 107> S em ™" at 120 °C), the
orthorhombic phase is much less conductive, with ¢ amounting
to 107® S em™ " at 30 °C, resulting in making a RT battery target
unviable.”” To increase the lithium-ion conductivity of LiBH,,
several approaches have been investigated, such us the anionic
substitution, the formation of a composite with oxides and the
nanoconfinement in suitable scaffolds.****>' Several studies
have demonstrated that it is possible to stabilize the high ionic
conductive hexagonal phase of LiBH, at RT via anionic substi-
tution, by replacing the BH,  anion with halides."*** For
example, fast Li-ion conductivity, at RT, have been observed in
h-Li(BH,); _(Br), hexagonal solid solutions (e.g., ~10 > S cm™*
for h-Li(BH,)o.7(Br)o.3).** In this case it has been reported that
the solid solution is stable at RT in the range of 0.30 = o =
0.55.* The hexagonal h-Li(BH,);_,(I), solid solutions is re-
ported to be stable at RT in the range of 0.20 = « = 0.50.** By
adding 25 mol% of Lil, the LiBH,-LiI hexagonal solid solution
showed a Li-ion conductivity of about 107 S em™" at 30 °C. This
system has an excellent thermal stability, that makes it a good
SSE candidate. This aspect has been investigated with calori-
metric techniques.”* In fact, the Differential Scanning Calo-
rimetry (DSC) trace of the LiBH,-LiI solid solution containing
a molar fraction of Lil equal to 0.25 does not show any varia-
tions after 20 cooling-heating cycles. The Lil-rich solid solu-
tions have been investigated by Miyazaki et al.,”® which
highlighted that an excess of lithium iodide makes difficult to
obtain a single hexagonal phase. In fact, it has been shown that
a1:1 and a 1:2 LiBH,-Lil ratios lead to the formation of
a hexagonal monophasic solution, synthesized through the ball
milling technique at room temperature. A further increase of Lil
in the mixture leads to the segregation of cubic Lil. In fact, the
preparation of the mixture with 1:3 LiBH,-Lil ratio at room
temperature leads to the formation of a biphasic mixture,
containing Lil in its cubic structure, together with the hexag-
onal solid solution. However, when using cryo-ball-milling, the
amount of unreacted Lil decreased significantly. After an
annealing process at 120 °C, the 1 : 3 LiBH,-Lil solution leads to
the segregation of Lil, thus suggesting the formation of
a metastable solid solution.

A comprehensive assessment of the thermodynamic prop-
erties of borohydrides and their mixtures is crucial for the
evaluation of their function as SSEs. This objective can be
achieved through the CALPHAD method, which relies on
a parametric representation of the Gibbs free energy as a func-
tion of temperature and composition. This approach is based
on a combination of ab initio calculations with experimental
results.” By employing experimental data as input, the CAL-
PHAD method allows the assessment of numerous parameters
describing the Gibbs free energy of all phases, refining the
phase diagram of the studied system. Ab initio calculations play
a crucial role in determining the Gibbs free energy of
compounds with a crystalline structure that is unstable within
the investigated temperature and pressure ranges.

The implementation of the CALPHAD method has already
proven successful in determining various thermodynamic
properties of borohydrides, including isobaric heat capacity,
(Cp) and the assessment of multiple phase diagrams as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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functions of temperature and composition.>*?*>® Regarding the
LiBH,-Lil phase diagram, it is not reported in the literature yet,
and only few experimental data are available concerning the
thermodynamic aspect of this system. In this study, the ther-
modynamics of the LiBH,-Lil system has been investigated,
combining both an experimental and a theoretical approach, to
determine the phase diagram. Starting from an analysis of
existing literature, new experiments and ab initio calculations
have been performed. Obtained data have been used as input
for the assessment of the thermodynamics of the system, using
the CALPHAD approach. The assessment enables the estab-
lishment of phase stabilities and limits of solubility in the full
composition range and in a wide temperature range.

Experimental
Synthesis

The manipulation of the prepared samples was performed in an
Argon-filled glovebox (MBraun Lab Star glove box supplied with
pure 5.5 grade Argon, 95% from SigmaAldrich). LiBH, and Lil
(purity > 99% from Sigma-Aldrich) were mixed in different
ratios, as reported in Table 1.

All samples were prepared by ball milling (BM) technique by
using a Fritsch Pulverisette 6 planetary mill, using an 80 mL
tungsten carbide vials with tungsten carbide balls (5 mm
outside diameter). The ball-to-sample mass ratio was 30: 1 and
approximately 1 g of mixture was prepared for each sample. The
mechanochemical treatment was performed for a total time of
1.5 h under Argon atmosphere at 350 rpm for periods of 10 min
of milling, separated by 2 min breaks to avoid overheating. To
reach the equilibrium conditions, samples were annealed
(ANN) at 250 °C for 4 h in a quartz tube under vacuum, with
a heating/cooling rate of 5 °C min~ "' to reach the annealing
temperature or cooling down to RT. To obtain information on
the enthalpy of mixing, sample S9 has been simply hand mixed
in a mortar of agata at RT for few minutes.

X-ray powder diffraction and Rietveld analysis

Samples in powder form were characterized by X-ray powder
diffraction (XRD) at RT (ex situ) using a Panalytical X-pert Pro
MPD (Cu K,; = 1.54059 A, K,, = 1.54446 A) in Debye-Scherer

Table 1 Composition and synthesis conditions of the prepared
samples (BM: ball milling; ANN: annealing)

Composition (molar

fraction)

Name LiBH, Lil Synthesis
S1 0.33 0.67 BM + ANN
S2 0.40 0.60 BM + ANN
S3 0.50 0.50 BM + ANN
S4 0.67 0.33 BM + ANN
S5 0.80 0.20 BM + ANN
S6 0.85 0.15 BM + ANN
S7 0.90 0.10 BM + ANN
S8 0.95 0.05 BM + ANN
S9 0.50 0.50 Hand mixed
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configuration. Patterns were collected in the 26 range from 10°
to 80°, with a time step of 160 s. Glass capillaries (0.8 mm) were
used as sample holders and they were filled and sealed under Ar
atmosphere inside the glove box, to ensure the controlled
atmosphere during the measurement.

The Rietveld refinement of XRD patterns has been per-
formed using the Materials Analysis Using Diffraction (MAUD)
software.*® The instrumental function was determined using
pure Si. The background was described through a polynomial
function with 4 parameters. The peak broadening was
described using the Caglioti formula® and the peak shape was
fitted with a pseudo-Voigt function. The parameters were also
refined to consider possible instrument misalignments. Reli-
ability parameters Ryp, Rexp, and x> were used to evaluate the
quality of the fitted patterns with selected structural and
microstructural (i.e., crystallite size and microstrain) parame-
ters. The following sequence was applied for the refinement of
parameters: (1) scale factor, (2) background parameters, (3)
lattice parameters, (4) crystallite size, and (5) microstrain. In
some cases, the occupancy and position of the 2b site in the
hexagonal crystal structure were also refined.

Differential scanning calorimetry

To analyse the thermal behaviour of the samples, a high-
pressure 204 Netzsch Differential Scanning Calorimetry (DSC)
was used. The instrument is placed inside an Ar-filled glovebox
to ensure sample handling under inert atmosphere. About 5-
8 mg of the sample was loaded into closed aluminium crucibles
with a pierced lid. The samples were heated and cooled in the
desired temperature range at 5 °C min~ ' (20 °C min "' for the
hand mixed sample) under 2 bars of H,. The instrument was
calibrated for temperature and heat flow using the melting
temperature and the latent heat of fusion of high-purity stan-
dards (Bi, In, Sn, Zn). The same crucible, heating rate, and H,
pressure have been used for measurements and calibrations.

Attenuated total reflection infrared spectroscopy

The infrared spectra were collected by Attenuated Total Reflec-
tion Infrared Spectroscopy (IR-ATR) using a Bruker Alpha-P
spectrometer, equipped with a diamond crystal. The instru-
ment is located inside a nitrogen-filled glovebox. All spectra
were recorded with a resolution of 2 cm ™" in a 5000-500 cm ™"
range, with an average number of scans of 50.

Modelling

Ab initio

The adopted level of theory for the computational study is in the
framework of density functional theory (DFT) with the gener-
alized gradient approximation (GGA) PBE functional.®® The
calculations were performed using the periodic quantum-
mechanical software CRYSTAL23,*>** which utilizes localized
Gaussian functions to describe electrons.** The basis sets on the
atoms have been modified with respect to the original ones in
the following way:
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e Li: cc-pvqz, where the 3 most diffuse functions of
contracted s shells and the most diffuse non-contracted s
function were removed, as well as the most diffuse functions
from f, d, and g shells (1 each), and all valence shell exponents
were optimized;

o I. def2-QZVPP, where all valence shell exponents were
optimized;

e B: def2-TZVPP, where the most diffuse s and p non-
contracted functions were removed, and all valence shell
exponents were optimized;

e H: def2-TZVPP, unmodified.

For the numerical integration-correlation term of all calcu-
lations of exchange, 99 radial points and 1454 angular points
(XXLGRID) in a Lebedev scheme in the region of chemical
interest were adopted; moreover, the DFT grid weight and
density tolerances were increased to 10~>° and 10~'°, respec-
tively. The Pack-Monkhorst/Gilat shrinking factors for the
reciprocal space were set to 6. Tolerances of the integral calcu-
lations were set to 10-11 a.u. for Coulomb overlap and Coulomb
penetration in the direct space. The self-consistent field (SCF)
iterative procedure was converged to a tolerance in total energy
of AE =1 x 10~*" a.u. As regards geometry optimization, both
atomic positions and cell parameters were set free to relax,
setting the tolerances for the convergence of the maximum
allowed gradient and the maximum atomic displacement to 3 x
107> Hartree Bohr * and 1.2 x 10™* Bohr, respectively.

Phonons at I' point in the harmonic approximation on the
optimized geometry were computed by numerical differentia-
tion of the analytical first derivatives using the central differ-
ence formula (ie. two displacements for each atom in each
cartesian direction) to derive the thermodynamic functions by
diagonalizing the associated mass-weighted Hessian matrix (for
details on the computational procedure see ref. 35 and 36).
Enthalpy data were obtained by computing the electronic
energy, inclusive of the zero-point energy correction (ZPE), and
the thermal factor at 7= 25 °C.

CALPHAD

The Gibbs free energy of single phases was described according
to the CALPHAD approach:*”

°G = oG — TS + oG (1)
*Grf = x*G(LiBH,) + (1 — x)®G(Lil) (2)
59 = —RlxIn(x) + (1 — x)In(l — x)] 3)

where ¢ is the considered phase (i.e., CUB: cubic, ORT: ortho-
rhombic, HEX: hexagonal, LIQ: liquid), x is the molar fraction of
LiBH,, T is the temperature and R os the gas constant. G™f,
—TS'9 and G=¢ are the reference, ideal and the excess contri-
butions to the Gibbs energy, respectively. Excess Gibbs energy
was modelled according to the Redlich-Kister expansion
series®® truncated to the first contribution, since the agreement
with thermodynamic data was satisfactory:

*G*¢ = x(1 — x)(a + bT) (4)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where a and b are optimized parameters.

Starting from the enthalpy difference between the stable and
the metastable structures, as obtained from ab initio calcula-
tions, thermodynamic functions for missing end-members (i.e.,
ORT-LiI, HEX-LiI and CUB-LiBH,) were evaluated adding the
assessed values to the Gibbs energy of the stable phases, and
then assessed to coherently model experimental data.

Results and discussion
Solubility

XRD analysis at room temperature, coupled with Rietveld
refinement, was conducted on all the prepared samples in order
to evaluate the solubility limits of the system. Results are shown
in Fig. 1 for selected samples (S1, S3 and S7). Results for other
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Fig. 1 XRD pattern of samples S1 (middle), S3 (bottom) and S7 (top).
The turquoise squares are referred to peaks related to the hexagonal
phase, green circles are referred to the cubic phase, and violet trian-
gles refer to the orthorhombic phase.
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samples are reported in ESI (Fig. S1 and S2).t Sample S1 (Fig. 1)
is biphasic, showing both the hexagonal and the cubic phases.
Samples S3 (Fig. 1) S2, S4 and S5 are monophasic, showing only
diffraction peaks of the hexagonal phase, indicating that the
stabilization of the hexagonal phase at RT has been obtained.
Samples S6, S7 (Fig. 1) are biphasic, showing both a hexagonal
and an orthorhombic phase, even if diffraction peaks of the
orthorhombic phase are barely observable in samples S6.
Finally, sample S8 is monophasic, showing only the ortho-
rhombic phase.

By carrying out the Rietveld refinement, the hexagonal solid
solution was treated as isostructural to the hexagonal poly-
morph of LiBH4 (space group P6;mc), employed as the initial
structural model. It was assumed that both I” and BH,
retained their initial positions (2b site x = 0.3333, y = 0.6667, z
= 0.553)." It is fundamental to acknowledge that the intense X-
ray scattering of I provides a clear and unequivocal confir-
mation regarding the occupancy of the I" anion. The molar
fraction of hexagonal solid solution and the occupancy of the 2b
site in the hexagonal structure obtained by the Rietveld refine-
ment for various samples are reported in ESI (Tables S1 and
S2).t The phase fractions obtained for each sample are reported
in Fig. 2a as a function of iodide composition. Based on the
obtained results for samples S1 and S2, an extension of the
hexagonal solid solution up to a molar fraction of Lil equal to
0.60 can be inferred. On the other end, results on occupancy
obtained for samples S6 and S7, a limit of the hexagonal solid
solution down to a molar fraction of Lil equal to 0.18 has been
obtained.

The cell parameters of various crystal structures were ob-
tained for all samples, and corresponding values are reported in
ESI (Table S3).1 Results of lattice constants and cell volume for
the hexagonal phase in samples S1-S7 are reported in Fig. 2b as
a function of iodide composition. The parameters obtained in
this study are compared in ESI (Fig. S3-S5)T to available litera-
ture data,>**** showing a good agreement. Observed small

changes are likely due to different applied annealing
7.15 . r . . ————— 610
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(a) Phase fraction and (b) lattice parameters and unit volume of the cell (V/Z) of the hexagonal phase as a function of the nominal Lil molar

fraction for all the synthetized samples. Connecting lines are a guide for the eyes.
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conditions. As expected, compared to those of the pure LiBH,,
the hexagonal phase of synthetized samples has larger cell
parameters and cell volume, since the atomic radius of the
iodine ions is larger than that of BH, . The lattice parameter
a and c linearly increase with the molar fraction of Lil between
0.33 and 0.67, while a shrinking is observed for lower iodide
concentrations. Considering the difference of the dimension
between I” and BH, anions, this non-monotonic trend is
unexpected, even if it was already reported in literature for the
lattice parameter ¢ by Sveinbjornsson.*® This behaviour has
been explained considering the formation of intermediate
phases** or the presence of different solid solutions containing
various amounts of iodine, therefore having different lattice
parameters, which merge into one upon heating.*® As already
reported by Sveinbjornsson et al.*® these effects could be the
origin of the rather asymmetric diffraction peak shape and of
the large peak broadening observed in the XRD pattern for
sample S7, as reported in Fig. 1.

The cell parameters of the orthorhombic phase observed in
samples S6, S7 and S8 are reported in ESI (Fig. S6).f It is
possible to notice a slight change in all the lattice parameters,
leading to a different cell volume, if compared to that of the
pure LiBH,. These results suggest a small solubility of LiI inside
LiBH, orthorhombic phase, up to a molar fraction of 5%. On the
other hand, by comparing the cell parameter of the cubic phase
in samples S1 (a = 6.030 A) to the cell parameter of pure Lil (a =
6.026 A) any solubilization of BH, ™ inside the cubic structure of
LiI can be excluded.

In order to validate the solubility limits of the hexagonal
solid solution acquired from the Rietveld refinement of XRD
pattern of sample S2, the molar balance reported in eqn (5) has
been applied:

FLI[(1 — a)Haa] + (1 — ALIL = 1 (5)

where fand (1 — f) are, respectively, the molar fraction of the
hexagonal phase of the solid solution h-Li(BH,); (1), and Lil
molar fraction. « and (1 — «) are the molar fractions in the
hexagonal structure, and therefore the occupancy of the I" and
BH, ions in the 2b site. By solving the balance, the extension of
the hexagonal monophasic range up to 0.60 of Lil has been
confirmed.

By performing the Rietveld refinement on sample S6 and S7,
the molar fraction of the hexagonal phase turned out equal to
38% for sample S7 and 76% for sample S6. In this case, to
confirm results obtained from the Rietveld refinement, the lever
rule has been applied, considering a solubility of 5% of Lil into
the orthorhombic phase and of 18% into the hexagonal phase.
Results confirmed obtained limits of solubility, as reported in
ESI (Table S1).}

IR-ATR analysis was conducted for all samples in order to
explore variations in the vibrational properties of LiBH,
resulting from anionic substitution that led to the stabilization
of the hexagonal phase. Results were compared to those ob-
tained for the pure orthorhombic LiBH,.

The IR-ATR spectra of sample S1, S3, S5 and S7 are shown in
Fig. 3, while results obtained for other samples are reported in

12042 | RSC Adv, 2024, 14, 12038-12048
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Fig. 3 IR-ATR spectra of samples S1, S3, S5 and S7.

the ESI (Fig. S7).T It has already been reported>*>** that the
orthorhombic LiBH, spectra shows main absorption bands in
two different regions, ie. the 2400-2000 cm™ ' and 1600-
800 cm ' ranges, which correspond, respectively, to the B-H
stretching and bending vibrational modes. Differences in the
spectra due to the presence of the hexagonal solid solutions, in
both absorption bands of B-H, have been already reported** in
the literature caused by the change of BH,  site symmetry. This
peculiar behaviour has been reported for different anionic
substitution in order to stabilize for the hexagonal phase
stabilized at room temperature by adding I,* by Cl™* and
Br .* It is worth noting that for sample S5, that from XRD
analysis appears to be monophasic, i.e. only composed by the
hexagonal phase, some traces of the orthorhombic phase seem
to be present from the IR-ATR spectrum (Fig. 3), suggesting
a possible extension of the orthorhombic-hexagonal biphasic
region up to a Lil molar fraction equal to 0.2.

Phase transitions

By using the DSC technique, the thermal stability of all samples
was established, and the temperature of solidus, liquidus and of
solid-state phase transition has been determined. The DSC
traces obtained for various samples are reported in ESI
(Fig. from S8 to S14).1 From the DSC traces, also the enthalpy of
phase transitions has been determined, and obtained data are
reported in ESI (Tables from S4 to S10).7 Results of DSC analysis
well reproduce the different zones of the phase diagram, which
will be described for a continuous increasing of the Lil content.

For sample S8, which is composed by a single orthorhombic
solid solution with 5% molar fraction of Lil into LiBH,, a main
DSC endothermic peak is observed at about 82 °C, followed by
a smaller one at about 95 °C. These signals correspond to the
orthorhombic-to-hexagonal phase transition, which is charac-
terized by a small temperature range with the co-existence of the
two phases. As expected, the observed temperatures are lower
than that of the phase transition in pure LiBH, and the
measured enthalpy of transition (4.1 #+ 0.1 k] mol™') is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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comparable to that of pure LiBH, (5.3 & 0.9 kJ mol ')* (Table
S107). At about 288 °C, a single DSC peak related to the melting
of the sample is observed, suggesting that solidus and liquidus
temperatures are quite similar. On cooling, all phase transitions
are well reproduced, confirming that equilibrium conditions
are explored during the experiment. In addition, DSC traces
related to following cycles are well overlapping, confirming that
no degradation of the sample is occurring during the
measurement.

Samples S6 and S7 are located in the biphasic zone, where
orthorhombic and hexagonal phases coexist. The details of the
DSC traces on heating in three subsequent thermal cycles are
reported in the ESI (Fig. S12 and S14).1 Considering the trace for
sample S7, the signal due to the solid-state phase transition
should show a single endothermic peak, related to the change
from the orthorhombic-hexagonal biphasic zone to the single
hexagonal phase area in the phase diagram. Actually, in the first
run, two different endothermic peaks are observed, as it would
be observed if a single orthorhombic phase is present in the
sample. From the XRD analysis, the presence of the hexagonal
phase in the S7 sample has been difficult to be observed, so the
composition corresponding to this sample is likely rather close
the phase boundary of the orthorhombic solid solution. By
comparing the DSC traces of sample S7 obtained in different
runs, it can be noticed that the observed temperatures of
endothermic peaks shifted towards lower temperatures after
the first cycle, but they remined quite similar between the
second and the third cycle. This behaviour is related to the
thermal process followed during the DSC measurements where,
even by applying a cooling ramp of 5 °C min™", not a perfect
equilibrium is obtained after cooling from the first heating. In
fact, observing the cooling DSC curves in ESI (Fig. S13),}
a significant undercooling of the solid-state phase transition is
occurring, leading to the observed shift of transition tempera-
tures. For this reason, only data related to the first heating ramp
have been considered for the assessment of the phase diagram.
To confirm the presence of a thermodynamic equilibrium in the
as-prepared conditions, the DSC measurement was repeated on
sample S7 after 1 year, as reported in ESI (Fig. S15).7 As ex-
pected, data turned out quite reproducible, confirming the
suitability of experimental data for the assessment of the phase
diagram. A similar behaviour has been observed for sample S6,
as shown in ESI (Fig. S12).t In this case, considering the higher
molar fraction of Lil with respect to sample S7, a single endo-
thermic signal is observed. On the other hand, the undercooling
effect seems more evident, as shown by the absence of an
exothermic peak in the DSC traces on cooling. On heating in the
DSC measurements, after reaching the monophasic zone of the
hexagonal solid solution, the samples showed the endothermic
signal related to the melting. In this case, a single peak is
observed, with a slight shoulder in the high temperature side.
This trend suggests again that the solidus and liquidus
temperatures are quite similar. In case of melting, a rather well
reproducibility of the DSC trace is observed on cycling, sug-
gesting that the observed behaviour refers to equilibrium
conditions. This observation is confirmed by the evident
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exothermic DSC peak due to the solidification observed on
cooling, as shown in ESI (Fig. $12).1

Samples S3 and S4 are located in the monophasic zone of the
hexagonal solid solution. In this case, no solid-state trans-
formations are expected. In fact, for all samples, basically no
DSC signals have been observed before melting (Fig. S10 and
S117), either on heating or on cooling. In some cases, tiny
thermal effects are observed for the first heating, which might
be related to small inhomogeneities in the sample, but they
disappear in following thermal cycles. In this case, DSC signals
related to the solidification show a different trend for different
runs, suggesting that possible undercooling effects in the liquid
phase might be occurred.

Finally, sample S1 allows to explore the biphasic zone with
the hexagonal and cubic phases. By performing the DSC
measurement, this samples showed a very different behaviour
compared to all the others. In fact, during the first heating
ramp, it showed an exothermic peak at about 75 °C, as evi-
denced in ESI (Fig. S8).1 This peak suggests that a reaction is
acting, may be due to a further dissolution of cubic Lil into the
hexagonal solid solution. This behaviour seems to be related to
the high fraction of Lil, since also sample S2 (Fig. S9t) showed
a similar behaviour. At higher temperatures, a composed
melting process can be outlined, with a preliminary small
endothermic peak, followed by the main one. After the first run,
a change in shape of DSC peaks can be spotted, indicating that
the material might have changed its composition, maybe due to
a degradation in the liquid phase.

Based on the results obtained from DSC measurements, only
the first heating ramp has been taken in consideration for the
definition of temperatures and enthalpies of phase trans-
formations for the CALPHAD assessment.

Enthalpy of mixing

To assess the LiBH,-Lil phase diagram, the evaluation of the
enthalpy of mixing for the hexagonal solid solution is necessary.
Therefore, the S9 sample was prepared by hand mixing LiBH,
and Lil (with 0.5 : 0.5 molar ratio) in an agate mortar for only 5
minutes, to avoid the formation of the hexagonal phase. This
sample was used for a DSC measurement aimed to determine
the enthalpy of mixing, as already performed for the LiBH,~LiBr
system.” The annealing program used for the analysis was as
follows: isothermal step at 60 °C for 2.5 hours to equilibrate the
DSC signal, heating ramp (20 °C min ") to reduce the temper-
ature range in which the thermally unwanted activated process
could happen, isotherm of 4 hours at the maximum tempera-
ture reached during the temperature ramp to ensure that the
thermally activated process is completed. The cycle was
repeated twice, to obtain a DSC signal that could be used as
a baseline for the integration of the DSC peak. Three different
maximum temperatures (i.e. 250 °C, 270 °C and 285 °C) have
been selected. As an example of the acquired DSC traces, the
result obtained for the maximum temperature of 270 °C is
shown in Fig. 4.

In the first DSC heating run, and endothermic peak due to
the orthorhombic-to-hexagonal phase transformation of LiBH,
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Fig. 4 DSC trace of sample SO used to determine the enthalpy of mixing of the hexagonal solid solution. An enlarged view is shown in the inset.

is observed at about 110 °C, followed by a broad exothermic
peak related to the formation of the hexagonal solid solution. By
comparing the first and second heating ramps, it can be noticed
a slight change in the baseline level. This behaviour finds an
explanation by taking in account that the molar heat capacity
(Cp) of the orthorhombic phase of LiBH, is higher than that of
the hexagonal phase.** Indeed, during of the first heating ramp,
LiBH, is still in the orthorhombic phase before the phase
transition temperature, while during the second heating ramp,
LiBH, is solubilized in the hexagonal solid solution. The first
cooling DSC trace does not show any signal, confirm the
occurrence of a full solubilization of parent LiBH, and Lil into
the hexagonal solid solution during the first heating. The
second cooling DSC trace is well overlapping the first one,
confirming that the second DSC heating ramp can be used as
a baseline for the determination of the enthalpy of mixing.

After the DSC analysis up to 250 °C and 285 °C, PXRD
measurements were performed, and the pattern are reported in
ESI (Fig. S20).7 From the Rietveld analysis, less than 5 wt% of
residual cubic Lil was found inside the sample. This result can
be due to the hand mixing process, leaving a small fraction of
Lil being strongly compacted, so not able to react with LiBH, for
kinetic reasons. The obtained cell parameters of the hexagonal
solid solution are documented in ESI (Table S11)f and turned
out comparable to those of sample S3, that was synthetized with
a Lil molar fraction of 50% via ball milling followed by an
annealing process, confirming the occurrence of the desired
solution reaction.

To determine the enthalpy of mixing for the hexagonal solid
solution from the observed DSC traces, it is to be considered
that, by preparing the sample via hand mixing, the reproduc-
ibility of the sample cannot be fully guaranteed and even slight
differences in pressure and rotational speed can change the
outcome of the sample preparation. Therefore, the real

12044 | RSC Adv, 2024, 14, 12038-12048

composition of the sample analysed via DSC was taken in
account by comparing the enthalpy of transition of pure LiBH,
and the enthalpy of transition obtained for hand mixed
samples, as described in ESLT In fact, the large endothermic
peak around 110 °C has been observed in all held experiments.
This peak, which is due to the orthorhombic-to-hexagonal
phase transformation of parent LiBH, has been used as an
internal standard to determine the right molar fraction
composition of each sample, which is necessary to accurately
determine the enthalpy of mixing of the hexagonal solid solu-
tion. The obtained enthalpy of transition for pure LiBH, was
equal to 5.3 k] mol ™" (Fig. S16 in the ESI), in good agreement
with the literature value of 5.3 + 0.9 k] mol ".** Following the
observed endothermic DSC peak on heating, it can be assumed
that the LiBH, present in the sample is in the hexagonal phase.
So, the broad exothermic peak observed in all the DSC traces
after the phase transition in the first heating cycle can be
associated to the enthalpy of reaction (AH,.,) leading to the h-
Li(BH,4); (1), solid solution. In fact, it is not present in the
second heating ramp.

It is worth noting that the observed mixing reaction actually
starts from hexagonal LiBH, and cubic Lil, giving the h-
Li(BH,4); _(I), solid solution. So, the average value of enthalpy
of mixing (AHp,;,) of h-Li(BH,); (1), solid solution was calcu-
lated by the following formula:

AI_Imix = AHrca - APltrsC—H(LiI) [6)

where AH,., is the enthalpy of reaction obtained by the inte-
gration of the broad DSC exothermic peak, and AHsc-(Lil) is
the enthalpy of cubic-to-hexagonal phase transition for Lil. The
last value cannot be experimentally measured, and it has been
calculated by DFT. As described in detail in next section, a value
of 2.6 k] mol ' has been considered. The details on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 AH collected via DSC analysis and related determination of the enthalpy of mixing of the hexagonal solid solution, considering the

cubic-to-hexagonal enthalpy of transition for Lil determined by DFT

Max T (°C) Composition% mol of Lil AHreo JgY) AHgscu(LiD) J g7Y) AH iy (K] mol ™)
250 46 —2.76 16.28 —-1.39

270 43 —10.53 15.93 —1.84

285 61 —6.83 17.60 —2.20

Average 50 —1.81 £ 0.4

integration procedure performed for the three DSC traces are
reported in ESI (Fig. from S17 to S19)t and obtained results are
reported in Table 2. The obtained enthalpy of mixing for the
hexagonal solid solution is provided together with the actual
composition of the sample, as determined from the calibration
based on the enthalpy of the orthorhombic-to-hexagonal phase
transformation of LiBH4. Considering an average composition
of 50% molar fraction of Lil, an average value of —1.81 +
0.4 k] mol ' has been obtained for the enthalpy of mixing of the
hexagonal solid solution. It is worth noting that the maximum
temperature reported in Table 2 refers to the selected temper-
ature for the final isotherm in the DSC experiments, but the
reaction to form the solid solution is spread in a wide temper-
ature range. So, a constant value for AH ,,;x has been considered.

Assessment of the phase diagram

In order to describe the LiBH,-Lil phase diagrams, the deter-
mination of the parameters of thermodynamic functions for
different solution phases (hexagonal, cubic, orthorhombic and
liquid) is necessary. In addition, pure components end-
members, starting from values calculated by DFT, need also
to be validated to reach a good agreement with experimental
data. The procedure for the assessment takes in consideration
both results from experiments (Table 3) and ab initio calcula-
tions used as initial starting point. Assessed thermodynamic
parameters are reported in Table 4, and corresponding calcu-
lated data are reported in Table 3.

Data regarding LiBH, lattice stabilities were acquired from
the literature.” For the determination of the relative stability of
metastable Lil structures and the support of the assessment of
CALPHAD end-members, energies have been evaluated with the
CRYSTAL code. Starting from the crystal structures of LiBH,,
metastable structures for Lil were obtained by the full substi-
tution of BH,~ with I". The end-members enthalpies have been
calculated with respect to the stable cubic structure, and ob-
tained values are +31100 J mol ' and +2600 J mol " for the
orthorhombic and hexagonal phases, respectively (Table 4).

The obtained values are rather different, indicating that the
hexagonal structure of LiI is much more stable than the
orthorhombic one, being only slightly unstable with respect to
the cubic phase observed in equilibrium conditions.

The obtained experimental data elucidated that solubility of
Lil into orthorhombic LiBH, is limited, but can go up to 0.05

Table 4 Determined Gibbs free energy in the LiBH4—-Lil system

Gibbs free energy (J mol ™) Model

CUBG(LiBH,) = °*™G(LiBH,) + 3600 Ab initio from ref. 29

ORTG(LiT) = “YPG(LiI) + 31 100 Ab initio
HEXG(LiT) = “YBG(LiI) + 2600 Ab initio
CUBG¢ = x(1 — x)(+10 000) Regular
ORTGe — x(1 — x)(—30 000) Regular

HEX exe Redlich-Kister

Redlich-Kister

=x(1 — x)(—8840 + 4 x T)
HRGE® = x(1 — x)(—13 000 + 12 x T)

Table 3 Experimental and calculated thermodynamic data for LiBH4—Lil system. AH,, is the enthalpy of melting, SOLV: solvus, SOL: solidus, LIQ:

liquidus

Phase Experimental Calculated

Ortho 0 = Xp;; = 0.05 molar fraction at 25 °C 0 = Xpi; = 0.04 molar fraction at 25 °C
Hexa 0.18 < X;;; = 0.60 at 25 °C 0.28 = X;;; = 0.59 at 25 °C

S1, Xy = 0.67 TsoLy = 294 °C Tsorv = 309 °C

S6, X1 = 0.15 TsoLy = 75 °C TsoLy = 72 °C

S7, Xpip = 0.10 TsoLy = 86 °C Tsory = 87 °C

S8, X1 = 0.05 TsoLy = 95 °C TsoLy = 100 °C

Cubic Xiii = 1 at 25 °C Xpir = 1 at 25 °C

Liquid

S1, Xy = 0.67 Tsor-Liq = 329-345 °C Tsor-Liq = 329-337 °C

S2, Xpi1 = 0.60 Tsor-Liq = 317-345 °C Tsor-1iq = 325-326 °C

S3, Xpi1 = 0.50 TsoL-Liq = 307-333 °C TsoL-Liq = 319-321 °C

S4, X1 = 0.33 TsoL-Liq = 288-320 °C Tsor-Liq = 307-310 °C

$6, X1 = 0.15 Tsor-Liq = 285-297 °C, AH,,, = 8.3 k] mol " Tsor-11q = 292-294 °C, AH,,, = 8.7 k] mol
S7, Xpip = 0.10 TsoL-Liq = 284-292 °C, AH,,, = 7.7 k] mol " Tso-Liq = 288-290 °C, AH,, = 8.5 k] mol ™
S8, X1 = 0.05 Tsor-1iq = 290-288 °C, AH,,, = 5.9 k] mol " Tsor-1iq = 283-285 °C, AH,,, = 8.4 k] mol ™"

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molar fraction at 25 °C. To fully model this solubility range,
a regular solution model was assumed, and, to match experi-
mental data, it was necessary to introduce a negative parameter
ORTg = —30000 ] mol " (Table 4). This value is strongly negative,
suggesting a tendency of Lil to be solubilized in LiBH,, but the
observed solubility is limited by the strong instability of
orthorhombic LiI with respect to the stable cubic structure. In
fact, the assessment indicated a solubility of 0.04 molar fraction
of Lil into 0-LiBH, (Table 3).

In all the conducted experiments, it has never been observed
a solubility of LiBH, into cubic Lil. Consequently, a positive
parameter in the excess Gibbs free energy function for the cubic
phases have been set within the regular solution model, ie.,
CUBg = +10 000 J mol ",

By considering the lowest values including experimental
errors, the interaction parameter for the hexagonal solid solu-
tion has been fixed by taking in consideration the experimental
value of enthalpy of mixing (i.e. —1800 4 410 J mol ") for the
sample S9 (0.5LiI-0.5LiBH, molar fraction, hand mixed). So,
based on a Redlich-Kister solution model, ™™g turned out to be
equal to —8840 ] mol ™" (Table 4). By also fixing a Redlich-Kister
parameter "¥p to +4 ] mol™* K~ * (Table 4), the description of
solubility limits of the hexagonal solid solution is in good
agreement with experimental values in the whole temperature
range. A notable difference is recorded for the lower solubility
limit, being 0.18 molar fraction of Lil the experimental value, to
be compared with a 0.28 assessed value (Table 3). On the other
hand, as previously mentioned, the presence of a small fraction
of orthorhombic phase in sample S5 cannot be excluded, sug-
gesting a solubility limit higher than 0.20. Experimental solvus
temperatures reported in Table 3 refer to DSC peak tempera-
tures determined in the first heating ramp, and they are in good
agreement with the calculated values.

12046 | RSC Adv, 2024, 14, 12038-12048

The liquid phase has been treated as a regular solution and
assessed on the base of liquidus (melting peak temperature)
and solidus temperatures (melting onset temperature) obtained
by DSC analysis during the first heating and cooling ramps. The
optimised Redlich-Kister parameters regarding the liquid
phase converged to a value equal to "% = —13000 J mol * and
YQp — +12 T mol " K" (Table 4), that led to a reasonable match
of solidus and liquid temperatures, as well as a good agreement
for values of the enthalpy of melting (Table 3).

Fig. 5 the calculated curves and experimental points are re-
ported, showing a good agreement. The occurrence of a peri-
tectic reaction at 329 °C in correspondence of 0.68 Lil molar
fraction was demonstrated via CALPHAD calculations. A similar
result was obtained for the LiBH,-LiBr phase diagram.*

Conclusions

The LiBH,-LilI phase diagram has been systematically explored
by using both an experimental approach, combining different
techniques such as of XRD, ATR-IR and DSC, and a theoretical
approach by using the CALPHAD method in combination with
ab initio calculations. Thermodynamic properties have been
fully assessed. The composition range of monophasic zone of
the hexagonal LiBH,-LilI solid solution has been experimentally
identified to be equal to 0.18 = x = 0.60 at room temperature.
Various points of the phase diagram, like liquidus, solidus, and
solvus temperatures, have been experimentally determined by
employing the DSC technique. In order to obtain the assess-
ment of LiBH4-Lil phase diagram, the enthalpy of mixing of the
hexagonal solid-state solution has been acquired experimen-
tally. By considering a hand-mixed sample, exothermic peaks
have been obtained through the DSC technique, providing
avalue of —1.81 + 0.4 k] mol ™ for the enthalpy of mixing of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hexagonal solid solution with a composition of 50% molar
fraction of Lil.

By using experimental values and results from ab initio
calculations, thermodynamic properties of the LiBH,-Lil
pseudo-binary system have been assessed by the CALPHAD.
From these values, the corresponding phase diagram has been
calculated.
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