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The decomposition of the lithium hydride isotopologues (°LiH, °LiD, "LiH and 7LiD) and their propensity to
accommodate non-stoichiometry is predicted using atomistic modelling methods. Significant differences exist
between the reaction enthalpies of the isotopologues with respect to the hydrogen isotope, whilst negligible
differences exist with respect to the incorporated lithium isotope. The calculated defect concentration identifies
the vacancy formation energy for LiH is significantly lower than for LiD at a defined temperature. Further, the

temperatures of complete decomposition to lithium metal for LiH and LiD are reported as 959K and 999K,
respectively, a 40K difference of potential use in breeder blanket concepts. The predicted decomposition of LiH
is in good agreement with the experimentally observed value of 962 K. Defect concentrations at the decomposition
temperature for all isotopologues are similar, despite the changes in temperature.

1. Introduction

In the relentless pursuit of sustainable energy solutions, the realm
of energy storage materials and fusion materials play a pivotal role in
shaping the future of low carbon energy technologies. Among these ma-
terials, lithium hydride (LiH) has emerged as a promising candidate
material for a number of applications. This research article represents
the first assessment of the decomposition behaviour of LiH using atomic
scale modelling techniques to provide a mechanistic assessment of the
system and the impact of isotope variation within the structure.

Lithium hydride is a binary compound comprising lithium and hy-
drogen, in the rock-salt structure (space group 225: Fmgm) [1]. Ithas a
high melting/decomposition temperature compared to many other hy-
drides, suggesting its potential use in a range of engineered components
[2]. Outside of the nuclear industry, uses of lithium hydride include:
the production of reagents for organic synthesis (such as Li[BH,]), high
density and compact solid hydrogen storage, and as a fuel for hydrogen
internal combustion engines [3-5].

The Li-LiH phase diagram has been reported and discussed previ-
ously [6]. Reported here in Fig. 1, a small region of the phase diagram is
solid f-phase (LiH), indicating small deviations from stoichiometry are
expected, increasing with temperature. Across other non-stoichiometric

* Corresponding author.
E-mail address: s.middleburgh@bangor.ac.uk (S.C. Middleburgh).

https://doi.org/10.1016/j.jnucmat.2025.155619

mole fractions, a broad mixed phase exists (o; + f;) across most temper-
atures below the lithium hydride melting point.

The influence of the hydrogen isotope present in a variety of mate-
rials on properties and thermodynamics has been assessed previously,
and an example of this is the experimental research undertaken by R.
Liu et al. [7] who used experimental techniques to show that a differing
Pd-Pt structure resulted in a modified rate of dissolution of hydrogen,
and also reported a significant difference in the activation energy re-
quired for hydrogen/deuterium absorption and dissolution relative to
the hydrogen isotope present within the alloy.

Further experimental work by Akimovich et al., specifically analysing
LiH and LiD, identified the differing behaviour of the two hydrogen iso-
topes with temperature, focusing on the Li rich region [6]. Akimovich et
al. report an experimental assessment highlighting the difference in so-
lidification temperature, and isotopic dependence of the melting point
of the Li-Li(H/D) monotectics.

Olsson et al. [8] studied the effects of variable stoichiometries on
zirconium hydrides and zirconium deuterides with variable stoichiome-
tries, using ab initio methods over a range of temperatures, determining
the thermodynamic properties of each of the materials. Notably, they
calculated qualitative differences between the zirconium hydrides and
deuterides across most of the analysed properties including entropy,
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Fig. 1. Li-LiH phase diagram. This phase diagram shows the mole fraction (x) of lithium hydride and lithium against temperature as presented by KA Yakimovich et

al. [6].

heat capacity and Debye temperature; It was determined that ZrH, and
ZrD, have a difference in formation enthalpy for each of the compo-
sitions, with the deuterium containing compositions having a larger
formation energy than the hydrogen containing compositions, both of
which aligned with previous experimental results.

Notably, similar research investigating the non-stoichiometric effects
of lithium within lithium hydride has been assessed using first-principle
methodologies, focusing on the impact of the modified stoichiometry on
the hydrogen storage capacity [9]. This study, alongside similar investi-
gations into the modification of the metallic components of the crystal
structure [10], highlighted that both the elemental composition and the
stoichiometry of the material have an observable impact on the decom-
position temperature and overall structure of the materials analysed,
further motivating additional exploration of this topic towards an iso-
topically modified composition of lithium hydride.

This research aims to explore the impact of both the hydrogen iso-
tope and the lithium isotope present within the composition and how
they impact the material’s decomposition temperature and deviation in
stoichiometry.

2. Methodology

Density functional theory was used to investigate the differences be-
tween the isotopologues’ thermodynamic behaviour. The calculations
were performed using the Vienna Ab initio Simulation Package (VASP)
[11] version 6.3.0, where the inter-atomic force constants were calcu-
lated using the projector augmented wave (PAW) method, [12] with the
generalised gradient approximation (GGA) of Perdew, Burke and Ernz-
erhof (PBE) exchange-correlation functional [13].

After sensitivity studies, calculations using 2 X 2 X 2 supercells of
LiH (containing 64 lattice sites, shown in Fig. 2) were performed with
a5 x5 X 5 k-point mesh and a plane wave energy cut-off of 650 eV (k-
point mesh was scaled appropriately for supercells of a different size).
These were used to provide the input structures and data for phonon
informed preductions using the Phonopy sotfware, described shortly.
The atomic force threshold energy for geometry optimisation was set to
1077 eV/A and the electronic relaxation threshold defined as 1078 eV.
This was essential to provide the accuracy greater than 107 eV in the
system’s total energy, required to maximise the accuracy of post-process
calculations, as determined through convergence testing.

Compounds containing elements which have multiple isotopes can
have a variety of isotopic combinations, known as isotopologues.

X

Fig. 2. A 2x2x2 supercell of lithium hydride. This is the crystalline structure
of lithium hydride with lithium represented by green spheres and hydrogen
represented by white spheres. (For interpretation of the colours in the figure(s),
the reader is referred to the web version of this article.)

Lithium hydride has four stable (non-radioactive) isotopologues con-
sisting of combinations of oLi, 7Li, 'H (protium, H) and 2H (deuterium,
D). This research will assess all four of these lithium hydride isotopo-
logues: °LiH, °LiD, "LiH and "LiD.

Supercells with a single hydrogen vacancy intrinsic defect (VI/J),
were used for the simulation of partial dehydriding (equation (1))
[14,15], whilst the complete dehydriding is considered through equa-
tion (2) with body-centered cubic lithium metal being formed. For the
lithium metal structure, a 2 X 2 X 2 cubic supercell consisting of 16
atoms was used with a k-point mesh of 7 X 7 X 7.

1
. . 1
LIH(S) — Ll(s) + 5 2(g) (2)

During the initial relaxation of the requisite structures, the atomic
positions, size and shape of the supercells were unrestrained, allowing
relaxation to their optimised geometries. The Phonopy software package
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Fig. 3. Phonon density of states of lithium hydride isotopologues. The phonon density of states of lithium-6 hydride, lithium-7 hydride, lithium-6 deuteride and
lithium-7 deuteride are arranged with their distinctive peaks labelled for each of the isotopes present in the target compounds.

[16-18] was applied after structural relaxation to extract the force con-
stants and to calculate the phonon density of states (PDOS) [19]. These
phonon calculated force constants were subsequently applied to deter-
mine the vibrational entropy of the lithium hydride isotopologues. The
specific approach for the calculation of the force constants was through
density functional perturbation theory (DFPT), which applies 3 displace-
ments on each unique atom of the supercell, resulting in 189 different
perturbations for the 2 X 2 X 2 Vi supercell. In addition, this method
was used to determine the zero point energy (ZPE) as determined by
the background vibrations of a crystal system at 0 K. The entropy data
for hydrogen gas (H,) and deuterium gas (D,) has been taken from the
open-source thermochemical data tables compiled by NIST-JANAF, as
used in previous DFT studies [20-22].

3. Results and discussion
3.1. Phonon density of states

Through the calculation of the phonon interactions of the isotopic
lithium hydride systems, the phonon density of states (PDOS) were cal-
culated, presenting the vibrational frequencies within the material in
Fig. 3. No negative frequencies were observed, highlighting the stabil-
ity of the systems as computed.

Significant differences are visible between the peaks associated with
the two hydrogen isotopes, where the deuterium peaks (15-35 THz) are
up-shifted, in comparison to the protium peaks (23-33THz). Whilst the
*LiH and *LiD PDOS are different enough to differentiate the peaks
to characterise the different hydrogen isotopes, there is a minimal dif-
ference between the peak positions between the lithium isotopes. The
shifting of phonon peaks to lower frequencies with larger mass isotopes
is the expected result and supports further analysis of the system and
confidence in the subsequent results presented.

Table 1

Calculated enthalpy values of lithium hydride isotopo-
logues. The vacancy formation enthalpies and the de-
composition enthalpies of each of the lithium hydride
isotopologues calculated during the initial computation
are presented, whereby highlighting the similarities be-
tween the enthalpy values when modifying the lithium

isotope.
Isotopologue  AHgiure pacancy €V AHpecomposition (€V)
SLiH 1.15 0.73
TLiH 1.15 0.73
SLiD 1.21 0.76
"LiD 1.21 0.76

3.2. Defect and reaction enthalpies

The internal energy of the isotopologues, as calculated by DFT,
alongside the zero point energy (ZPE) as defined by the phonon interac-
tions at OK (calculated through Phonopy) facilitates the calculation of
the enthalpy of the four systems, including the vibrational correction,
as shown by equations (3) and (4).

AH singteacancy = (Hyy 1 + H 1y = Higpo) + (V) ZPE-H} ZPE) (3)
AH pecomposiion = (Hii + H g, = Hyggg) + (Li ZPE = LiHl ZPE) (4)

For each of the isotopologues, Table 1 reports the change in enthalpy
associated with the loss of one hydrogen from the supercell was calcu-
lated through equation (3), representative of a 3.125 at.% decrease in
the total hydrogen concentration (LiH ;) and the loss of all hydrogen
from the supercell, as described in equation (4).
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Fig. 4. Vacancy concentration of *LiH and *LiD. The predicted concentration of single hydrogen/deuterium vacancy in °LiH, °LiD, "LiH and "LiD using the enthalpy
of defect formation (equation (3)) are shown across a range of temperatures, highlighting where the decomposition of lithium hydride occurs experimentally.

The difference between the hydrogen-containing and deuterium-
containing isotopologues is due to the proportional weight change (AM,.
= 2) in the zero-point energy value (ZPE). There is a negligible dif-
ference between enthalpies, including the ZPE, of the lithium-6 and
lithium-7 containing hydride/deuterides (AM, = I =117,

Using the vacancy formation enthalpies of the lithium hydride iso-
topologues, the concentration of vacancies can be predicted using the
law of mass action (equation (5)). Whilst the ZPE has an extremely small
effect between the lithium isotopes resulting in inconsequential differ-
ences in the enthalpy computation (with the difference at the fourth
significant figure), predicted differences when evaluating the defect con-
centrations at higher temperatures exist due to the enthalpy dependence
of the calculation via this method.

Vil = exp(San) ®)

Fig. 4 shows that the hydride (containing ! H) more readily releases
its lattice hydrogen and becomes non-stoichiometric, with respect to
lithium deuteride (containing 2H). However, this is only significant
above 1000K where the concentration of the initial vacancies in the
two LiX isotopologues visibly diverges, at which point the defect con-
centration is around 0.1% of the total crystal system. At 2000 K, well
above the reported decomposition temperature, the predicted concen-
tration of single hydrogen/deuterium vacancies is separated by 0.6 %,
with lithium hydride’s concentration being 3.6% compared to lithium
deuteride’s concentration being 3.0 %. The impact of vibrational entropy
is now considered.

3.3. Free energy of decomposition

By considering the phonon contribution to the vibrational entropy,
the change in free energy of the isotopologue systems is better calcu-
lated, comparing the vacancy formation and complete decomposition
of the lithium hydride isotopologues.

AG=AH —TAS 6)
=AH L AG=0 @
AS

The difference between the free energies associated with the initial
isotopic hydrogen vacancy (V I/{ and Vl/)) formation of each of the iso-
topologues from lithium hydride/deuteride (as described in equation
(1)) was analysed, providing a temperature dependent hydrogen va-
cancy formation energy.

Fig. 5 identifies that at all temperatures the lithium hydride has a
lower vacancy formation energy compared to the hydrogen vacancy
formation energy in lithium deuteride. Additionally, loss of hydrogen
isotopes becomes more facile with temperature when considering the
vibrational entropy, becoming negative well-above the observed de-
composition temperature of LiH, but significantly impacting the equi-
librium vacancy concentration in both hydride and deuteride systems
compared to the predictions where just enthalpy of formation is consid-
ered (Fig. 4).

Reapplying the law of mass action using the calculated free energies
of each isotopologue for the initial vacancy formation allows for the de-
termination of the effective defect concentration as affected by the vibra-
tional entropy. The non-stoichiometry of *LiH at the experimental de-
composition temperature 962 K is predicted to be approximately 12.1%,
in agreement with the non-stoichiometry value reported in the experi-
mental phase diagram (Fig. 1). Parallel to this, the non-stoichiometry
of *LiD at the same temperature is predicted to be approximately 8.2%
(Fig. 6).

At the experimental decomposition temperature of LiH, 962K, the
free energy values that take the vibrational entropy into consideration,
the vacancy formation energy is lower by approximately 0.036 eV. As
such, the predicted vacancy concentration when approaching the de-
composition temperature is predicted to be larger when considering the
free energy of the system, not just the formation enthalpy.

Alongside the consideration of initial isotopic hydrogen vacancy con-
centration, the difference between the free energies associated with the
complete dehydriding/decomposition from the lithium hydride isotopo-
logues to lithium metal and hydrogen gas (as described in equation (2))
was determined when including the vibrational entropy term, and the
results presented in Fig. 7.

Fig. 7 confirms the presence of a clear pattern between the 4 iso-
topologues, with the lithium isotope playing a negligible role when
considering the difference in dehydriding temperatures of each of the
systems. The isotopologues containing hydrogen are observed to decom-
pose at lower temperatures compared to their deuterium counterparts.
Determining the temperatures which fulfil equation (7), LiH is reported
to decompose at 959K, in good agreement with the experimentally
observed value of 962K. Comparing these theoretical values against
similar research on both the same material LiH [9] initially highlights
that the decomposition temperatures which were determined are on the
higher end of the whole spectrum, with the lowest recorded compara-
ble temperature at 699 K whilst it was calculated as 959 K in this study,
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Fig. 5. Free energy of the initial vacancy formation for *LiH and *LiD. This plots the free energy of the decomposition as a function of temperature, showing the
temperature dependence of the first isotopic dehydriding of lithium hydride isotopologues.
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Fig. 6. The defect concentration [V,] for *LiH and *LiD. This plots the calculated defect concentration [V,] for each of the lithium hydride isotopologues when

considering the free energy of vacancy formation as a function of temperature.

more aligning with practical analysis of hydrogen release and uptake
[23] [24].

The LiD isotopologues are reported to decompose at 999K, 40K
higher than LiH. This distinct behaviour between the isotopologues has
relevance for the operation of the material within a fusion breeder sys-
tem, with further work necessary to assess the behaviour of tritium and
the deviations in stoichiometry, and combinations of hydrogen isotopes,
that would result from its use within a fusion system. Comparing the
difference between the affect of substituting hydrogen for deuterium
within the compound against similar studies where the metal elements
of the compound are replaced with transition metals, such as MgXH,
[10], shows that this data follows a similar trend with the temperature
of decomposition as a function of dopant concentration.

Finally, determining the concentration of vacancies for both the
lithium hydride and deuteride using equation (5) at these decompo-
sition temperatures results in V; = 11.8% and V = 10.6% as dis-
played in Fig. 7, showing that at their respective decomposition tem-
peratures the hydride is slightly more susceptible to the formation of
non-stoichiometry than the deuteride as presented in Fig. 5, but they
are broadly similar at their respective decomposition temperatures.

4. Conclusion

The importance of the incorporated hydrogen isotope has been
highlighted as the key factor in the differentiation between the four
lithium hydride isotopologues, creating distinct groupings in both the
non-stoichiometry and decomposition behaviours. Contrasting this, the
lithium isotope plays a negligible role in the discretisation of the iso-
topologues in comparison to the hydrogen/deuterium contribution. Fur-
thermore, this work highlights that the hydrogen containing compounds
require less energy to favour the dehydriding when compared to the
deuterium containing compounds, and results in a proportionally larger
concentration of defected material across a range of temperatures. In-
versely, lithium deuteride requires a greater amount of energy (and
therefore higher temperature) for it to decompose compared to the
hydride, and possesses a smaller concentration of defects as tempera-
ture increases when vibrational entropy effects are considered. Defect
concentration predictions are considerably altered when considering vi-
brational entropy in all systems considered.

The concentration of V at the computed decomposition tempera-
ture for *LiH (959 K) is reported as 11.8% and the concentration of V, at
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Fig. 7. Free energy of complete decomposition for *LiH and *LiD. This plots the free energy of the decomposition as a function of temperature, showing the
temperature dependence of the complete isotopic dehydriding of lithium hydride isotopologues.

the computed decomposition temperature for *LiD (999 K) is reported as
10.6%. This highlights that, at the point of decomposition, the hydride
containing isotopologues have similar degrees of non-stoichiometry at
the point of decomposition; The difference in the decomposition tem-
perature of lithium hydride and lithium deuteride is approximately 40 K
independent of the lithium isotope. In comparison, in experimental liter-
ature, the temperature at which complete decomposition of LiH occurs
is reported to be 962K [2] highlights the acceptable predictive nature
of the presented modelling work. Further work shall assess the impact
of the isotopic abundance within mixed lithium hydride deuteride sys-
tems, including use of the Quasi-Harmonic approximation for phonon
calculations.

The use of lithium hydride and lithium deuteride in breeder blanket
concepts will need to incorporate the understanding of defect behaviour
predicted in this work. As Li breeds the fusion fuel tritium, via neutron
capture, the stocihiometry of the system will vary. Future work will
consider the accommodation and transport of the tritium and helium
products of °Li neutron fission reactions to identify the behaviour of the
product in the LiH and LiD systems.
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