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THE B-Li SYSTEM. CALORIMETRIC AND THEORETICAL STUDIES

UKLAD B-Li. BADANIA KALORYMETRYCZNE I TEORETYCZNE

The standard enthalpy of formation of the BssLiy alloy was measured with the use of the water reaction calorimetric
method at 25 °C (298 K). An X-ray diffraction study of the prepared sample was conducted. The obtained diffraction pattern
was different from the patterns for the B;Li and B,4Li; phases. The standard enthalpy of formation obtained for the B7sLix
alloy was -39.0 + 0.7 kJ/mole of atoms. This value corresponds well with the formation enthalpies of the phases from the
boron-lithium system. Theoretical calculations of the standard enthalpy of formation were conducted for the BsLis, alloy
and the phases from B-Li system, which were investigated earlier. A discussion of the deviations observed between both
sets of data (experimental and calculated) was performed. Additionally, DTA studies were performed for 14 alloys of the
concentrations from 40 to 100 at. % of Li.
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Standardowa entalpia tworzenia stopu BsLi» zostala zmierzona metoda kalorymetrii reakcyjnej wodnej. Probka
stopu po wyzarzaniu byta poddana badaniom strukturalnym metoda dyfrakcji promieniowania rentgenowskiego. Uzyskany
dyfraktogram jest inny od dyfraktogramow dla faz B;Li ora BsLi;. Zmierzona standardowa entalpia tworzenia stopu BssLis
wyniosta -39.0 + 0.7 kJ/mol atomoéw. Wartos¢ ta dobrze koreluje z entalpig tworzenia faz z uktadu bor-lit. Przeprowadzone
zostaly rowniez obliczenia teoretyczne standardowej entalpii tworzenia dla stopu BssLi,, oraz faz z uktadu B-Li, wczesniej
badanych. Zaobserwowane rozbieznos$ci mi¢dzy teoretycznymi i eksperymentalnymi wartosciami entalpii tworzenia zostaty

przedyskutowane. Ponadto, wykonano pomiary DTA dla 14 stopow o stezeniach od 40 do 100 % at. Li.

1. Introduction

The great interest in the application of hydrogen as fuel
has been caused by the exhaustion of the traditional fuel
sources and by the world ecological tendency to decrease
the carbon dioxide emission. Hydrogen can be regarded as
a completely ecological fuel because water is its combustion
product. However, the use of hydrogen as fuel is drastically
reduced because of the difficulty of its transportation and
storage. Therefore, the search for safe storage methods and the
use of hydrogen fuel is a vital objective for many laboratories
all over the world. One of the storage solutions proposed is in
the form of metal hydrides. Although the compound LiBH, can
theoretically store up to 19 wt. % of hydrogen, the interest in
measuring the thermodynamic properties of the B-Li system
seems to be rather weak. Boron-lithium alloys of a high Li
concentration can also be used as anode materials in high
temperature lithium batteries because of the low density and
the lithium-comparable electrochemical properties.

In 1932, Andrieux and Barbetti [1] initiated the
investigations of the B-Li system and obtained the B¢Li phase

using the electrochemical technique. In 1974, Rupp and
Hodges [2] studied the conduction-electron spin resonance
in the compound BgLi. Other phases of the B-Li system were
proposed by [3, 4] — Bi,Li, [5, 6] — B,Li, [7] — B;Li, [3, 4, 8, 9]
- B,Li, [10] — BLi, [6, 7, 9] - B4Lis (BeLi; ), [7, 11] - BLi; and
[12] - By4Li;, BygLis, first based on electromotive force, density
and electrical resistivity measurements. During the subsequent
years, some of them were confirmed by XRD studies [12-15].
Additionally, Mair et al. [ 12] prepared and investigated a single
crystal of B;Li and found that, in fact, the B;Li compound is
composed of 6 atoms of boron and 2 atoms of lithium (BL1,),
that its structure is tetragonal (tP16) and that it belongs to the
P4/mbm space group.

The number of papers on the thermodynamics of the B-Li
system is very limited, which is probably caused by the need
for a very pure atmosphere of a noble protective gas, both for
the preparation and the performing of the experiments. It was
possible to find two studies [6, 8] on the discharge behavior
of B-Li alloys between 400-600°C (673-873 K), and articles
[6, 16-22] reporting heat effects on B-Li during the thermal
analysis. The information on the preparation and investigations
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of the B-Li alloys or phases as well as the theoretical studies of
their various properties was found in studies [23,24].

In 1989, Okamoto [25] collected information on the
investigations of the B-Li system and presented all the phases
which were suggested in the literature (By; L1, B¢Li, B,4Li; B,Li,
B;Li, B,Li, BLi, BLi;), and in 2003, Borgstedt and Guminski
[26] proposed the part of the B-Li phase diagram which also
took into consideration the liquidus and solidus temperatures
presented in [27] for alloys of the Li concentration between
0.5 and 1 mole fraction, beside the B,Li, BLi; and B,Li phases.

In a publication from 2013 [28], Aydin studied the
structural, mechanical and electronic properties of ByLi, and
Herman et al. [29], studied the Li-B system using the first
principles calculations to determine the influence of pressure
on the stability of the compounds. Also, a few new compounds
stabilizing with pressure (up to 320 GPa) were found. Herman
et al. [29] came to very similar conclusions at 0 K and 1 atm.
as we did and are going to present herein; nonetheless, they
did not study the temperature dependence on the stability of
the compounds. Moreover, the latter authors did not study the
phases B;Li and B;Li, which were experimentally obtained,
claiming that these phases exhibit huge unit cells. In spite
of this, we decided to present the first principles results for
them, and in the later part of this paper, we will discuss the
calculation results.

This paper is a continuation of our study on the heat
of formation of the intermediate phases of the B-Li system
[30-31]. The X-ray diffraction (XRD) pattern of the BygLiy
alloy together with the XRD pattern of the B;Li and B4Li;
phases will be analyzed as well as the experimental data of
the standard enthalpy of formation of BlLi,, obtained by the
calorimetric reaction technique. Additionally, Differential
Thermal Analysis (DTA) experiments were performed.
First principles (DFT) as well as phonon calculations were
additionally performed for a thermal stability analysis and
a comparison with the experimental results.

The Density Functional Theory (DFT) results for By,.;Li
and Bg,Li, and B,ssLi;, and Byj,Li;;, respectively, as well as
the phonon results will allow us to understand the stability
dependence on the temperature for these phases, which, to the
best of our knowledge, were herein optimized for the first time.

2. Experimental
2.1. Calorimetric study

The enthalpy of formation measurements of the BLis,
alloy were performed by the calorimetric reaction technique,
which was described in detail in our previous work [30].

2.2. Differential Thermal Analysis (DTA)

Phase transformation as well as liquidus and solidus
temperature measurements of the B-Li alloys were conducted
by the DTA technique with the use of a Q-1500 (Paulik-
Paulik-Erdey) derivatograph. The samples were prepared in
the MBraun glove-box filled with high purity argon, similarly
to our previous calorimetric measurements [30-31]. The alloys

were prepared by way of melting the metals in Mo crucibles
with a cover, which were placed in Ni crucibles and sealed with
a Ni stopper by means of a hydraulic press. The weights of the
test samples were ~0.2 g. Afterwards, the DTA measurements
were performed in air with the temperature rate of 5 K/min,
with the use of empty Ni and Mo crucibles as reference.

2.3. Preparation and identification of BsLi,, alloy

The BLiy, alloy used in the water reaction calorimetric
experiments was prepared by a synthesis of boron (pieces of
purity 99.5 wt. %) with lithium (rod of purity 99.9 wt. %)
delivered by Alfa-Aesar. The stoichiometric amounts of B and
Li were slowly heated in the Mo crucible in the glove box up to
1000°C (1273 K), annealed for 4 hours, and subsequently cooled
together with the furnace to room temperature. The prepared
sample of the alloy was analyzed by means of XRD (Philips
PW 1710 Diffractometer with Co-Ka filtered radiation), for
the confirmation of its structure. For the identification of the
phases, the EVA (Bruker) computer program was used. The
XRD pattern of the ByLis, alloy is shown in Figure 1.
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Fig. 1. X-ray diffraction pattern of BsLi,, (black line), BsLi (blue
line) and B,4Li; (green line)

As presented in Fig. 1, the X-ray diffraction pattern of
ByLiy, is different from that of By,Li; and B;Li, which may
suggest the existence of an intermetallic compound with the
composition of 0.176 < X(Li) < 0.220. Taking into account
the study of L.E. DeVries et al. [6], the observed diffraction
pattern in Fig. 1 may be that of the B,Li phase.

3. Calculations

One of the most important methods of quantum mechanical
modelling of solids is the framework of the Density Functional
Theory (DFT) [33], which uses the Generalized Gradient
Approximation (GGA) [34].

DFT calculations with Projector Augmented Wave (PAW)
pseudopotentials [35], and the Perdew—Burke—Ernzerhof
(PBE) functional [36] were used as implemented in the Vienna
Ab Initio Simulation Package (VASP) code [37]. A plane wave
cut off at least 400.00 eV and k-spacing of 0.230 x 0.230 x
0.230 A" were used. The calculations were performed in the
real space, for: B (beta_rhombo-B), BssLip, BisLi, ByjsLiys,



B,Li, By/Li; ByuLis, BiLi, BiLiyy, BosLis, BisLis, ByLiss, BsLi,
By;Liy, BLi, BsLig, ByLis, and Li (bcc-A2). Each phase was
calculated for different space groups; we tried to optimize each
phase with a structure and stoichiometry as similar as possible
to the corresponding published versions. The total energy was
minimized with respect to the volume (volume relaxation), the
shape of the unit cell (external relaxation), and the position of
the atoms within the cell (internal relaxation). For more details
on the crystal structures of the stable phases, please check the
Supplement.

The phonon direct method [38] was applied to predict the
lattice dynamics with the use of the harmonic approximation
in VASP’s minimized structures which had the lowest ground
state energy. Therefore, the electronic structure at the ground
state was calculated with the use of VASP and the zero point
energy, while the phonons’ energy and the entropy were
calculated with the use of Phonon. In fact, we calculated the
Helmholtz free energy, which can be approximated to the
Gibbs free energy at zero stress.

With the use of the vibration frequencies ®, the Helmholtz
free energy, the internal energy - which can be approximated
to the enthalpy - and the entropy were calculated as follows:

.
Fynonon = 3NkgT waL In (ZSmhﬁ)g(w)dw (1)

h wj, hw
Epnonon = 3N5f0 wcoth (ﬂ) gw)dw (2)
h h . h
Sphonan = 3NkB waL ﬁCOth (ﬁ) —In (ZSlnhﬁ)] g(a))d(u

3)
where: N is the number of atoms in the cell, kg is Boltzmann’s
constant, T is the absolute temperature, @, is the maximal
frequency and g(w) is the frequency distribution function.
Therefore, adding the electronic contribution, Eelec, calculated
with the use of DFT, as implemented in VASP, the ZPE zero-
point energy of the quantum harmonic oscillator, £(0 K) = 5 hw,
plus the phonon contribution (calculated by means of Phonon)
defines E(T) = Eelec + ZPE + Ephonon(T). The Helmholtz
free energy, F(T), is given by F(T) = E(T) - TS(T), in which
S(T) = Sphonon(T) is the vibrational entropy at the absolute
temperature 7. The Helmholtz free energy was assumed to be
equal to the Gibbs free energy, since the PV term (in which P
is the pressure and V is the volume) can be neglected for solids
under the conditions mentioned before.

4. Results and discussion
4.1. Reaction calorimetric method

The room-temperature water solution calorimeter shown
in our earlier work [30] was used for the determination of the
enthalpy of formation of the ByLi,, alloy. The experiments
were conducted in a glass crucible. During the dissolution of
the BLiy, alloy, the medium (water) was mixed with a stirrer
and the values of the thermoelectric power were registered.
The determination of the calibration constant was performed
with the use of four inorganic compounds: lithium and sodium
hydroxides, as well as ice and potassium permanganate. Their
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heats of solution in water were taken from the Handbook
of Chemistry and Physics [39]. The obtained results of the
calibration constants together with the values of the reaction
heat of lithium (-205.3 kJ/mole) with water were taken from
[30]. The samples of the ByLi,, alloy were weighed in the
glove-box and quickly brought into the calorimeter in a small
tightly closed bottle to protect them against the reaction
with the air components (H,O, N,). Immediately before the
measurement, the bottle was opened and the sample was
introduced into the water. The values of heat effects and the
enthalpy of formation are shown in Table 1 together with the
average values and the standard deviation. The calculations
were conducted with the assumption of two standard states of
boron: amorphous and crystalline, and the results are shown in
Table 1. The value of the transition heat of crystalline boron
into amorphous boron, at room temperature, was taken from
[40]. All the calorimetric data of the enthalpy of formation
of the intermetallic compounds from the B-Li system are
presented in Fig. 2 and Table 2.

TABLE 2
Standard enthalpy of formation of B-Li intermetallic compounds
obtained by the calorimetric reaction method

Enthalpy of formation
Phase References
AH [kJ/mol at.]
BusLis 303422 [31]
BiLi -40.8+1.8 [30]
BosLix -39.0+0.8 This study
BisLi; -30.1£1.6 [30]
Bi;Li -10.6+0.1 [30]
O 1 1 1 | 1
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Fig. 2. Standard enthalpy of formation of B-Li intermetallic
compounds. RC-reaction calorimetry, DSC- direct synthesis
calorimetry
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TABLE 1
Heat effects and enthalpy of formation of the BssLi,, alloy at 25°C (298 K) obtained by the water reaction calorimetric method
" No T ooy, | Meatetctame | SRR o
Alloy IK] of sample [kJ/mol at.| [kJ/mol at.| [lcl/mol at| [kJ/mol at |
Amorphous boron Crystalline boron
1 -2.9 -42.2 -5.9 -39.3
2 -3.1 -42.1 -6.0 -39.1
3 -2.8 -42.3 -5.8 -39.4
. 298 4 -4.5 -40.6 -7.5 -37.7
BysLiy
5 -2.5 -42.7 -5.4 -39.7
Average value -3.2 -42.0 -6.1 -39.0
Standard error 0.7 0.7 0.7 0.7
4.2. DTA measurements 660 751
11 90
The DTA experiments were performed by means of 170
the Q-1500 derivatograph equipment (Paulik-Paulik-Erdey 2 95 810 802
system) for 14 alloys of the concentrations ranging from 40 834 793
to - 100 at% Li. The results of the transition temperatures are 180 804
shown in Table 3. 13 98 782 796
TABLE 3 14 100 181

Differential Thermal Analysis data for the B-Li alloys

No Li Transition temperatures
°C

ofalloy | at.% Heating Cooling
| 20 809 846
856 800
2 44 872 842
48 817 820
814 860
4 52 937 803
786
s 60 798 820
850 791
810 834
6 70 844 790
750
682 839
7 74 801 815
833 768
780 836
8 77 825 810
841 767
180 825
9 80 794 779
836 170
180 816
10 85 803 789
835 170

4.3. First Principles and Phonon

The experimental data for the enthalpy of formation at
298 K are shown together with the calculated data in Figure 3.
The calculated results for X(Li) < 0.17 are in good agreement
with the experimental ones. However, the experimental data
of the compounds with the Li composition for X(Li) > 0.17
seem to be much more stable than the correspondent calculated
ones, although the shape of the curves is very similar. The latter
discrepancies are probably associated with the lack of precise
calculations of the stability caused by the presence of lithium.

R e
1B . . Lif
'g 04 Bissldyy (~Byp.13Ld) ;
g lg A\ " ByppLiyy (~ByLi)
o "1 WBLi
£ 0] B, ]
2 25 B14Li3§ S ]
2 307 @ BygLis,
® -35- =
 _401B.Li,, 8. B Calculated, unstable
%‘ jg-B78 z % —=— Calculated, stable
1 B 6~ Experimental, stable
50 —o— Experimental, unstable
S4+———
00 02 04 Xu0.6 0.8 1.0

Fig. 3. Calculated and experimental standard enthalpy of formation of
B-Li intermetallic compounds



The electronic energy of formation, which corresponds
to VASP’s energy of formation, is shown in Figure 4. The
results presented in Fig. 4 show the same stable compounds as
in Fig. 3 and in Fig. 5; meaning that, up to room temperature,
only three compounds: By4Li;, B;Li and B;Lig, are stable.
This conclusion is, however, not in agreement with the
XRD data in Fig. 1, which shows the presence of a phase
with 0.176 < X(Li) < 0.220, for example B,Li. We studied
different B,Li phases with different crystal structures with
up to 300 atoms per unit cell, B,,Li;;, ByLi;, as presented
in Fig. 4 and the results show that these phases are far from
the stability convex hull. These phases are not expected to
be stable at high temperature. Therefore, this study is most
likely incomplete, although Herman et al. [29] also show that
LiB, only becomes stable at 80 GPa. The structure which
stabilizes with pressure belongs to the I 4/mmm space group
with two formula units per unit cell, like BaAl, (see 2. In Fig.
4), but its XRD diffraction pattern does not match the one
in Fig. 1. Specifically, this pattern does not justify the XRD
Bragg peaks occurring at 29° (20) and 31° (20) (in Fig. 1) and
its most intense peak is observed at 49.95° (20).

The electronic energy of formation (VASP’s energy
of formation) presented in Fig. 4 is of the same order
of magnitude as the results in [29], indicating that the
discrepancy from the experimental results shown in Fig. 3
is of a systematic nature. Contrary to what was presented
in [29], at 1 atm., B;Li is more stable than B,4Li;, which is
totally in agreement with the experimental results shown in
Figure 3. Contrary to [1-2], we could not find a stable phase
in the range of compositions of B4 ;Li. The most stable phase
we found near this composition is BgoLi. We also reached
the conclusion that, at 0 K, B;sLig is more stable than BLi and
no homogeneity range is clearly observed in the vicinity of
X(Li) = 0.5. Likewise, we observed the same huge deviation
from the results of [ 14] with respect to B,Lis (see 9. in Fig. 4),
confirming the misassignment hypothesis proposed in [29].

The ByssLijy (~Bjg.3Li) compound is not stable at 298
K, according to our calculations presented in Figure 5,
although its Gibbs energy of formation stands very close to
the convex hull, indicating a non-zero probability of stability
for this compound. Likewise, the experimental enthalpy of
formation for B;Li at 298 K seems to indicate that, in fact,
this compound is not stable at room temperature.

The intermediate compounds’ Gibbs free energies
calculated at 550 K (277 °C) are presented in Figure 6. We still
find a similar set of stable compounds; nonetheless, BissLij,
(~Bio.13L1) is very near the stable convex hull, indicating that
the compound might be stable at this temperature. Moreover,
it is also possible that Bj,;Li;; (~BgoLi) is stable at this
temperature, although its stability is less likely than that of
BissLiin (~Bio.isLi).
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Fig. 4. Electronic energy of formation (VASP’s energy of formation)
for stable and unstable phases of B-Li intermetallic compounds
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Fig. 5. Gibbs free energy of B-Li intermetallic compounds at 298 K
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Fig. 6. Calculated Gibbs free energy of B-Li intermetallic compounds
at 550 K



At 850 K (577 °C), we finally start to see a homogeneity
range from BLi to B;sLis. From 550 K to 850 K, Byj;Lij; (~Bs.
sLi) approaches the stable convex hull, contrary to ByssLij,
(~Byo.13L1), which gets further apart, although it is still closer
to the convex hull than B,,,L1i3.

Up till now, we have observed that, at 1050 K (777 °C),
the homogeneity range seems to cease to exist and, contrary to
what happened at lower temperatures, BLi is the most stable
compound. B,,Li;3 (~BgLi) is even closer to the convex hull,
indicating that, probably at probably at higher temperatures,
that compound can be stable. BissLij, (~Byo.3L1) is further
away from the stable convex hull.

At the studied temperatures, we could not find a compound
with 0.176 < X(Li) < 0.220 which was stable or presented an
XRD pattern that could justify the non-indexed peaks in the
XRD of Fig. 1, as highlighted previously.

Observing the phase diagram in Fig. 9, we are able to
enumerate the differences between the phase diagram and the
first principles calculations:

We could not find a phase with the B4;Li stoichiometry
whose electronic energy of formation (VASP’s energy of
formation) falls near the stable convex hull. We found a phase
with BgoLi under these conditions;

We could not observe the range of homogeneity around
X(Li) = 0.5, in the range of temperatures, T < 850 K (577 °C);

The range of homogeneity seems to exist around 0.500 <
X(Li) £0.545 and between 850 K <T <1050 K;

It is unlikely that B;;,Li;; (~BgLi) is stable at T < 1050
K (777 °C);

It is possible that B,ssLij, (~Bjo.3Li) is stable at T = 277
°C, indicating that the compound is more likely to be stable at
lower temperatures than By,Li;; (~BgoLi).

Similarly to the phase diagram of Fig. 9, Bj,Li; and B;Li
are stable compounds in the entire range of temperatures.

The DTA data seems to be in agreement with the
calculated features in the homogeneity range of 0.500 < X(Li)
< 0.545. The eutectic at 453 K can be detected in the samples
with X(Li) <0.545 [27], indicating that the homogeneity range
at this temperature is not as wide as that in the phase diagram’s
model.
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Fig. 7. Calculated Gibbs free energy of B-Li intermetallic compounds
at 850 K
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Fig. 9. Phase diagram of B-Li system [26] with data from [27] and
our own DTA data

All the experimental results of the standard enthalpy of
formation of the intermetallic compounds of the B-Li system
obtained from the calorimetric measurements compared with
the first principles study are shown in Table 4.

TABLE 4
Standard enthalpy of formation of B-Li intermetallic compound.
Experiment vs. first principles study

AH [kJ/mol at.]

Phases Experimental First Principles

BsLis -18.9
BysLis, -30.3

B;Li -40.8 -24.4
BysLiy, -39.0

ByLi; -30.1 -23.1
BuzLi13 -4.0
BssLip, -1.9
By;Li -10.6




5. Summary

In the present study, we have presented the enthalpy
of formation of the BsLiy, alloy and its XRD. The alloy is
formed by more than one phase. We have concluded that
one of the possible phases being part of the BsLiy, alloy
is B;Li. The second phase is unknown and we supposed
that it could be that suggested by [5], that is B4Li. With the
first principles calculations, we could not find any stable
phases in the composition range 0.176 < X(Li) < 0.220.
In this work, we present also the DTA results, as well as
the first principles and phonon calculations, which help
clarify the previous studies, and also, the phase diagram
of the B-Li system. The observed differences between the
calculated enthalpies of formation and the calorimetrically
measured ones are considerable. The most negative
enthalpy of formation was found for the B;Li compound.
The latter conclusion was obtained from the analysis of the
experiments and the calculations.
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