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Abstract

Density functional theory calculations are performed to develop atomistic surface
models of ruthenium lithium amide catalytic interfaces. In preamble, the stability
study of all the LiNH2(001) terminations demonstrates a preference for NHy termi-
nated surfaces with hydrogen pointing toward vacuum and a possibility to reconstruct
metastable systems by rotating all the terminal NHy moieties. Then, the elaboration
of interface models between Ru(0001) and LiNH3(001) surfaces strongly inspires from
a preliminary study of isolated adsorption of lithium and NHy on Ru(0001). The com-
petitive adsorption of these species leads to two possible contacts to interface Ru and
LiNHs materials: either through lithium or NHs. Numerous interface models are opti-
mized by considering the influences of LiNH3(100) thickness, its stoichiometry and its
polarity, including spin polarization and van der Waals interactions. The most stable
interfaces are composed of NHy planes chemisorbed on Ru(0001). The contact via Li
atoms leads to a family of highly metastable interfaces. Surprisingly, the five most com-
petitive interfaces are all non-stoichiometric. The interface stability is then correlated
to a Bader charge transfer analysis. This study questions the specific catalytic role of
lithium in the context of hydrogen storage and the reaction mechanism of ammonia

decomposition on ruthenium lithium amide catalysts.

Introduction

Among future sustainable developments, hydrogen has a key role to play as an energy storage
carrier.! Indeed, a high industrial impact is expected in various application domains such as
energy, environment, automotive and mobile industries, where the dependence towards fossil
energies has become a huge worldwide issue. The high energy mass density of hydrogen?
corresponding to a lower heating value (LHV) at 25°C and 1 bar of 119.7 MJ.kg~! makes
this gas molecule very attractive for the energetic storage and decarbonated developments,

although its major source of production is strongly dependent on fuels, to date. However, its



extremely low density (0.0824 kg.m?) at ordinary temperature and pressure conditions results
in a low volumetric energy content of 10 MJ.m? at ambient conditions and of 8.96 GJ.m? for
the liquefied Hy (20.3 K).? In comparison, the volumetric energy contents of methane and
gasoline are 40 MJ.m?® and 32 GJ.m?, respectively. This prevents its massive development
as an energy carrier (production and deployment), in part due to storage, toxicity and dis-
tribution issues.! The industrial reluctance mainly originates from a lack of corresponding
infrastructure.®

Due to these intrinsic limits related to the direct use of hydrogen as a carrier, alternatives
have to be examined to circumvent the major part of these technical difficulties. Among the
promising solutions, liquid ammonia presents interesting properties with a high mass frac-
tion of hydrogen®? (17.8 % by weight), a volumetric hydrogen storage density of 120 kg.m =3
(about 1.7 times higher than liquid hydrogen, 71 kg.m™3) and a large volumetric energy
density* (LHV at -33°C and 1 bar of 11.38 GJ.m™3). It is massively produced on the indus-
trial standpoint (Haber-Bosch process, second most produced chemical in the world after
sulfuric acid with 183 Mt in 2020). In addition it can be liquefied under mild conditions
(8.88 bar at 21°C or -33.5°C at 1 bar), easily stored (with physical properties similar to
those of propane meaning that ammonia can be stored in a simple and inexpensive pressure
vessel) and already very well distributed, thus making it as an attractive decarbonated hy-
drogen storage carrier.* All these advantages make its utilization interesting in this context,
although toxicity risks and energetic costs related to its synthesis and decomposition remain
timely. Indeed, high temperature (400-650°C) and pressure (200-400 bar) are required for
ammonia synthesis, as well as a high temperature is necessary to decomposition the gas
molecule into hydrogen and nitrogen.?

In the context of storage and release of hydrogen gas from ammonia carrier, catalytic pro-
cesses have shown a remarkable route to lower significantly the working temperature. Tran-
sition metals such as Fe, Ru and Ni exhibit low apparent activation energies with respect to

ammonia decomposition.?* To remedy the cost and stability issues related to monometallics,



multimetallics have been considered in the literature, without showing an equivalent low ap-
parent activation energy barrier.? Hence the necessity to explore other families of catalytic
materials has led to consider unusual systems such as amides.

Among affordable materials, lithium amides and their derivatives, such as lithium imides
and nitrides, have shown relevant properties to store hydrogen.® Indeed these materials have
been studied and characterized with various experimental techniques, from X-Ray powder®7
and neutron powder” diffractions, to Raman”® and Infrared®® spectroscopies. The typical
size distributions of lithium amide particles correspond to median and mean nanoparticle di-
ameters of 36 and 42 nm, respectively.® From Raman spectroscopy, amide and imide groups
can be differentiated by the N—H stretching frequency, with distinct bands observed for both
amide and imide materials.”

From the catalytic standpoint, lithium amide and its interfaces with pure or nitride
transition metals? have exhibited a convincing and controled way to decompose ammonia
into hydrogen and nitrogen. For instance, K-promoted Ru/C and ruthenium-lithium amide
based catalysts have demonstrated a remarkable catalytic activity at temperature in the
range 350-600°C.%310M Among the best performances, K-promoted Ru/C catalysts have
exhibited one of the largest turnover frequency (34 s™') at 400°C with an apparent acti-
vation energy of 139 kJ.mol™'.1% Ni/Al,O3 commercial catalyst offers also a competitive
performance at 540°C.? In addition manganese nitrides interacting with lithium amides have
shown a significant turnover frequency (2 s™!) at 465°C with an apparent activation energy
of 80 kJ.mol =1 21214

Lithium amides and related imides alone have also been considered as catalytic materials
in the literature for decomposing ammonia, with an interesting performance, according to

1518 supported by other studies,!® which are questioned by

Makepeace et al.’s recent works
other measurements showing a less performance, ™13 and especially at 450°C.?2
Among the experimental studies comparing various catalysts in similar conditions, Guo et

al. have shown that LiNH,-Ru/MgO interfacial system outperforms reference pure Ru/MgO,



Ru/CNT and K-Ru/MgO systems, regarding ammonia decomposition in the range 500-700
K.!! Temperature dependencies of catalytic activities allow to predict an apparent activation
energy of 53.2+1.5 kJ.mol™! for LiNHs-Ru/MgO, whereas pure Ru-based catalysts present
a barrier in the range 51-89 kJ.mol™!, from Arrhenius plots. According to this study, pure
Li;NH catalyst is significantly less active toward ammonia decomposition with a working
temperature range starting from 700 K and a much larger apparent activation energy of
15042.9 kJ.mol~!. Thanks to X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopic measurements, LiNHo-Ru interfaces
synthesized in this work are composed of metallic ruthenium in contact with LiNHs; ma-
terials. FTIR experiments indicate that both LiNH; and Li;NH shall be present due to
characteristic and detected N-H stretching frequencies. Among the mechanistic assumptions
proposed by the coauthors, LiNH, shall decompose partially into LioNH(Li3_,NH,) species
at the interface with ruthenium, with a better performance than ruthenium alone toward
NHj dissociation, while ruthenium always promotes the formation of nitrogen and hydro-
gen products. This scenario can be understood as a bifunctional mechanism where lithium
amide/imide materials provide easily NH, species from NHj partial dissociation, while ruthe-
nium ensures the formation of the products.

Although many experimental efforts have been devoted over the last twenty years for
determining the catalytic performance of ruthenium-based lithium amide catalysts toward
the ammonia decomposition, the structure (size, geometry, chemical composition) and en-
ergetics of the interfacial region between the metal and the amide is unknown to date, due
to a clear lack of characterization in situ and operando. In addition, since the catalytic site
is not really identified yet, the reaction mechanism has to be elucidated, for instance on the
basis of the detection of reaction intermediate species.

To go beyond these limits, an interesting approach to improve our understanding of cat-
alytic systems at the atomic scale is the theoretical modeling, which has shown over the years

a strong predictive power for the most accurate methodologies such as Density Functional



Theory (DFT).2026

20,21,23,27-29 24,26,30

Concerning ammonia synthesis and decomposition on ruthenium ex-
tended surfaces and clusters modeled in idealistic condition (vacuum), DFT calculations of
NH; synthesis on Ru(0001) demonstrate that Ny dissociation is the rate determining step
of the reaction mechanism.?’ Very recently the role of small Ru clusters for achieving am-
monia synthesis under mild conditions has been evoked though their structural dynamics.?’
For ammonia dissociation on Ru(0001), the rate determining step is the recombination of
adsorbed atomic nitrogen into Ny product, of which the activation is sensitive to atomic
nitrogen surface coverage (Eq = 51.0-43.8x 0y kcal.mol™1).2* This is supported by a more
recent theoretical investigation of Ru(0001), Ru(111) and Ir(111) surfaces which has ad-
dressed DFT-based temperature-programmed desorption spectra simulations compared to
measurements.2® In addition, a theoretical study reporting on Ru clusters (1-13 atoms) sup-
ported on carbon nanotubes has shown the importance of the size effect on the lowering of
activation barriers, as well as the key role of interfacial active sites between ruthenium and
carbon support.3°

Lithium amide has been extensively studied in the DF'T literature as bulk materials with
various computational conditions.?' 3" The ambient temperature and pressure o phase of
LiNH, is a cubic anti-fluorite-like crystal structure with space group 74 (corresponding to a
tetragonal lattice with 32 atoms per unit cell).3®3% The surfaces and possible terminations
of LiNH; have not been studied in the literature to date, although interesting theoretical
models have been proposed for its interface with Li;,NH compound.*

In order to model the decomposition of ammonia on Ru/LiNH, catalyst, Guo et al. have
reported on a DFT investigation of LioNH(110) extended surface model, which is doped by
one Ru atom positioned at the surface of the materials.'! This catalyst model shows a nice
ability for adsorbing and dissociating ammonia into NH, surface species (thus interesting

to regenerate LiNH, catalyst). However, through the exploration of coupling NHy-NH and

NH-NH aiming to yield Ny final product of the decomposition, they have predicted large



activation barriers in the range 1.68-1.99 eV, originating from the strong repulsive force be-
tween the negatively charged NH, species. Those barriers are indeed either equivalent to
the one on a pure Ru(0001) surface at a nitrogen surface coverage of 0.25 ML (1.70 eV)
or larger. Hence the authors have concluded that Li;NH could not be an efficient catalyst
for NH3 decomposition, due to a recombination step of nitrogen atoms kinetically hindered.
Their theoretical result is in good agreement with their experimental findings, showing that
Li,NH alone is not an efficient catalyst for this reaction. !

In this work, we report on original density functional theory models of LiNH; surfaces
and Ru/LiNHy interfaces in the context of ammonia decomposition. Our assumption of
considering interface models between metallic ruthenium and LiNH; comes from previous

t.11 Our objective is the determination

measurements and characterization for this catalys
of possible active sites for such reaction, by investigating the thermodynamic stability of
several interface models between ruthenium and LiNH, materials, depending on the possible
surface terminations of LiNH,. Spin polarized calculations have been performed systemati-
cally and the influence of weak van der Waals interactions on the theoretical predictions is
also addressed. Two different energy decomposition models have been introduced: the first

one for predicting the stability of non-stoichiometric LiNH, bulk references and the second

one for decomposing the interface energy into elementary surface energy contributions.

Methods

All the Density Functional Theory calculations have been performed by the VASP 6.2 pack-
age.?™1 The Generalized Gradient Approximation (GGA) has been considered with the
Perdew-Burke-Ernzerhof (PBE) electronic exchange and correlation functional.?® The stan-
dard GGA PBE level has been compared with calculations including weak van der Waals
interactions by considering semi-empirical dispersion-corrected functionals in the DFT-D3

Grimme’s framework (PBE-D3 with zero damping (0D)*%47 and Becke-Johnson (BJ)*6:47



damping function) and in the Steinmann’s formalism (PBE-dDsC). %49 The Projector-Augmented-
Wave approach has been used to describe the core electrons following the Joubert’s formal-
ism.*® Ruthenium atoms have been described with 8 valence electrons and related PAW PBE
pseudopotential (electronic configuration 4d”5s'), while Li atoms have been described with
3 valence electrons (1s?2s'), N and H atoms with 5 (2s?2p?) and 1 valence electrons, respec-
tively. The extension of the plane basis sets for the description of the valence electrons has
been defined with the cut-off energy of 500 eV (ENCUT = 499.034 eV for the plane wave
basis set and ENAUG = 628.945 €V for the plane wave representation of the augmentation
charges). The chosen smearing is of the Methfessel-Paxton-type for all systems including
Ru metal (bulk, surface and interface), while it is of Gaussian-type for the optimization of
lithium amide bulk and surfaces. Due to the presence of amide magnetic fragments in the
lithium amide materials, spin-polarization calculations have been performed systematically
for all the systems including LiNHy (bulk, surface, interface). In all the DFT calculations,
the criterion of convergence of total electronic energy is 107% eV, while the one of geometry
optimization is +0.01 eV.A~! for the minimization of the residual forces held by the nuclei.
The golden rules which ensure converged total electronic energies with respect to the Bril-
louin zone integration have been determined by increasing progressively the density of the
k-point meshes for both ruthenium and lithium amide bulks. For ruthenium bulk, a conver-
gence of total electronic energy below 1 meV has been predicted with a (35 x 35 x 21) k-point
grid (1320 irreducible k-points). For lithium amide, the same rule has been obtained with a
(15 x 15 x 7) k-point mesh (228 irreducible k-points). These golden rules hold for all the con-
sidered GGA PBE and dispersion-corrected functionals. Note in passing the absence of spin
polarization for LiNHy bulk which is thus non-magnetic. For Li bulk, the BC'C structure
containing two Li atoms in the unit cell has been optimized for the calculation of the forma-
tion energy of LiNHy bulk with a k-point mesh of (15 x 15 x 7). For Ru(0001) clean surface
and calculation of surface energies, (1 x 1) supercells have been modeled with k-point grids

of (35 x 35 x 1). For the adsorption properties of Li and NH, fragment, (17 x 17 x 1) k-point



grids have been considered corresponding to the chosen (2 x 2) supercell. For LiNH(001)
surfaces, (15 x 15 x 1) k-point meshes have been employed to describe the (1 x 1) supercell.
For Ru(0001)-LiNH,(001) interfaces, (17 x 21 x 1) k-point grids have been used to model the
p(2 x v/3)R90° supercell, also noted ¢(2 x 4). For isolated atoms and gas phase molecules
(N3 and Hy) and molecular fragments (NH,), a gamma-point-only mesh has been considered
with large supercells (15 x 16 x 17 A3).

For LiNH, bulk, the cohesion E,,, and formation Ef,,., energies, which are addressed in

Table 1, have been defined as follows:
E(LiNHy(s)) — N(Li) « E(Li) — N(N)« E(N) — N(H) « E(H)

Foon = Nat(LiN Hy(s)) v

where E(LiNH,(s)), E(Li), E(N) and E(H) being total electronic energies of LiNH, stoi-
chiometric bulk, gas phase isolated Li, N and H atoms, respectively; N(Li), N(N) and N(H)
being the total numbers of Li , N and H atoms in the LiNHs stoichiometric bulk, respectively;

N (LiNH,(s)) being the total number of atoms in the LiNHy stoichiometric bulk.

B(LiNHy(s)) = (N (L) * B(Li(bulk) + N(N) « E(Na) + N(H) « B(H)/2
Numt(LZNHQ(S))

Eform -

where E(Li(bulk)), E(Ny) and E(Hs) being the total electronic energies of Li BCC bulk, gas
phase Ny and Hj isolated molecules, respectively; N(N), N(H) and N,,;(LiNHs(s)), being
the total numbers of N atoms, H atoms and LiNH, units in the LiNH, stoichiometric bulk,
respectively.

The stability of the clean Ru(0001) and LiNH5(001) surfaces have been determined by
evaluating the surface energy as follows. For Ru(0001), the surface energy v(Ru(0001)) is

calculated by considering the HCP bulk as the reference:
E(Ru(0001)) — N(Ru(0001)) * E(Ru)/2
2 x A(Ru(0001))

7(Ru(0001)) = (3)

where E(Ru(0001)) is the total electronic energy of the relaxed clean Ru(0001) surface,
E(Ru) being the total electronic energy of the HCP Ru Bulk (containing 2 atoms in the unit
cell), N(Ru(0001) being the total number of Ru atoms in the Ru(0001) slab and A(Ru(0001))

being the surface area of the Ru(0001) model slab.

9



For LiNH,(001) terminations, the DFT model can be either stoichiometric (s) or non-
stoichiometric (ns) (with respect to LiNHy bulk).

In both cases, the surface energies v(LiN Hy(001)(o,t;)) and v(LiN H5(001)(o,t;)) of the
two terminations ¢; and ¢; of the stoichiometric (o = s) or non-stoichiometric (¢ = ns) slab

model are derived as follows:

E(LiNHy(001) (0, ;. ;) — E(LiN Hy(c))

Y(LiN Hy(001) (0, t;)) + ~y(LiN Hy(001) (0, t5)) = A(LiN H»(001))

(4)

where E(LiN H5(001)(o,t;,t;)) is the total electronic energy of the stoichiometric or non-
stoichimoetric slab of LiNH;(001) containing the terminations ¢; and t;, E(LiN Hs(0)) being
the total electronic energy of the stoichiometric or non-stoichiometric lithium amide bulk
and A(LiN H5(001)) being the surface area of the LiNH5(001) surface model.

The calculation of total electronic energy of the lithium amide bulk (stoichiometric or non-
stoichiometric) E(LiNHy(c0)) is based on the determination of the elementary interaction
pairs between Li atoms E(Li, Li), NHy fragments E(N Hy, N Hy) and, Li and NH; fragments
E(Li, NH,), obtained on the basis of an energy decomposition analysis (EDA) provided
by the calculation of the stoichiometric bulk of LiNH, (see Table S1 of the Supporting
Information for the parameters concerning the additive EDA model). This EDA model has

been derived as follows and can be compared to previous theoretical developments:3?

E(LiNHy(0)) = N(Li) * (E(Li, Li) + E(Li)) + N(N H,)
% (E(NHy, NHy) + E(NH,)) + N(Li, NH,) * E(Li, N H,)

where N(Li), N(NH,), N(Li,NH;) are the number of Li atoms, NHy fragments and of
Li-NH, chemical bonds, respectively, E(Li) and E(NHs;) being the total electronic energy of
Li atom and NH, fragments, respectively.

Regarding now the definition of the adsorption energy E4, of a Li atom or a NH, fragment
on Ru(0001), the usual formula has been derived:

E4. = E(AQRu(0001)) — E(Ru(0001)) — E(A) (6)

10



where F(AQRu(0001)) is the total electronic energy of the adsorbate A (being Li or
NHz) on a non symmetric Ru(0001) slab, E(Ru(0001)) being the total electronic energy
of the clean Ru(0001) surface and F(A) being the total electronic energy of an isolated A
species in the gas phase (atom for Li and relaxed fragment for NHy).

The interface energy between Ru(0001) and LiNH3(001) slabs (composed of terminations
t; and t;) noted I'(LiN H5(001)(0, t;,t;)@QRu(0001)) is derived by generalizing the concept of
surface energy of these materials. It has thus been calculated by considering Ru and LiNH,
bulks as references, as follows:

I'(LiN H5(001)(0, t;,t;)@QRu(0001))

E(LiN Hy(001)(0, ;,t;)@Ru(0001)) — (E(LiN Hy(0)) + E(Ru)) (7)
A(LiN HyQRu)

where E(LiNHy(001)(o,t;,t;)@Ru(0001)) is the total electronic energy of the interface

model between Ru(0001) and LiNH,(001) slabs (LiNH2(001) slab being either stoichiometric
or non-stoichiometric with two ¢; and ¢; terminations) and A(LiN Hy@QRu) being the surface
area of the interface model.

These interface energies can finally be expressed by considering the sum of the surface
energies of Ru(0001) (relaxed and non-relaxed for a non-symmetric slab) and of the sum
of LiNH,(001) ¢; and t; terminations (energetic costs) balanced by the adhesion energy
between materials (energetic gain); the latter term being itself composed by the binding
energy between materials (chemical bonding) and the reconstruction energy of LiNH,(001)
(a reconstruction which may occur due to the contact with Ru(0001)). Such decomposition
has then been derived as follows:

['(LiN H5(001)@Ru(0001)) = Z v(Ru(0001)) + Z v(LiN H5(001)) + Yaan (8)

where 7,45 is the adhesion energy between both materials normalized by the surface area

of the interface model. Those interface energies have been interpreted by evaluating the
charge transfer and its variation from the bulk references, through the Bader charge analy-
51-53

sis at an accurate computational level regarding the charge density and the wavefunction

grids.
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Results and discussion

Pure Bulk Materials

Before considering the interfaces between ruthenium and LiNHs materials, the choice of the
exchange and correlation electronic functional is examined thanks to the predictions on the
corresponding pure bulk materials and their relevance with respect to available measure-
ments. Four functionals have been selected: standard GGA PBE, PBE-D3 (zero damping,
noted 0D), PBE-D3 (Becke-Johnson, noted BJ) and PBE-dDsC (the last three function-
als including van der Waals interactions through a semi-empirical correction). Regarding
crystalline structures, Ru bulk is HC P> while LiNH, is body-centered tetragonal (the low
temperature phase being a cubic anti-fluorite-like crystal structure with space group 74). See
Table 1 for details of the measured lattice parameters, Ref.3%3%5%56 for the crystallographic
data of LiNH,, and Figure 1 for an illustration of its bulk structure.

In the case of Ru bulk, the predictions of lattice parameters, cohesion energy and bulk
modulus are quite satisfactory at the GGA PBE standard level (see Table 1), with +0.3%
and -0.02% of systematic errors from measurements for a and ¢ parameters, respectively,
+6.7% for the total cohesive energy in the bulk and +2.3 % for the bulk modulus. Those
theoretical results providing a reasonable model for describing the electronic properties in Ru
bulk do not suggest the use of a dispersion-corrected functional, since both cohesion energy
and bulk modulus are already overestimated with respect to experimental values. In fact,
dispersion-corrected functionals are expected to further increase electronic correlation and
the binding energy in metals through the inclusion of additional interactions. In addition,
the theoretical predictions provided by the GGA PBE functional are known to be much
better than those of the hyper-GGA functionals such as HSE06 and PBEO for Ru bulk, as
already demonstrated previously.®7

This being said, for the description of LiNH, bulk, the question of long range van der

Waals interactions holds, especially between fragments composing the bulk crystalline struc-

12



ture. Hence dispersion-corrected functionals have also to be tested for Ru bulk, in the per-
spective of finding the best compromise for studying the interfaces between Ru and LiNH,
materials. For Ru bulk described by van der Waals dispersion-corrected functionals (see
Table 1), one can conclude that PBE-D3 (zero damping and Becke-Johnson) functionals do
worse for predicting the lattice parameters than standard GGA PBE (-0.5 % for a for both
functionals by comparison with measurements, while -0.8 %, -0.7 % for ¢ for both functionals,
respectively). The PBE-dDsC functional does not behave similarly, since the prediction on
a is slightly improved (-0.2 %) compared to GGA PBE, whereas the one on c¢ is significantly
worse (-0.4 %). Regarding cohesion energy, as expected, the three dispersion-corrected func-
tionals do much worse than GGA PBE, to a lesser extent for PBE-dDsC (+12.2 %). For
bulk modulus, the impact of van der Waals interactions is negligible. Therefore, if the use
of a dispersion-corrected functional is imposed by LiNHs; materials, PBE-dDsC appears as
an acceptable compromise for describing Ru bulk properties.

Let us now examine the DFT predictions for LiNH; bulk materials. Concerning the
optimal values of the lattice parameters, the standard GGA PBE functional offers a good
description with systematic errors of -0.6 % for a and +0.7 % for ¢, respectively by compari-
son with measurements (see Table 1). Moreover, our GGA PBE results are in fair agreement
with previous theoretical studies using various codes and computational conditions (LDA,
GGA PWO1, PBE, PAW, ultrasoft pseudopotentials) where van der Waals interactions were
systematically neglected.? 3" Those reasonable predictions of the crystal structure get worse
when dispersion-corrected functionals are considered in the calculations, with a systematic
decrease of a and ¢ parameters, compared to GGA PBE. One can conclude that PBE-D3(0D)
offers the least worst decrease for a with an error of -2.7 %, whereas PBE-dDsC is the least
worst compromise for ¢ with an error of -1.2 %. Hence, not to consider van der Waals inter-
actions would be better regarding crystalline structure, just like Ru bulk.

At the level of energetics, a direct comparison with measurements can not be achieved

neither for cohesion energy nor for bulk modulus, due to the lack of experimental data for
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LiNH;. However previous theoretical studies have reported on cohesion energies of -3.08
eV/at3? and 12.086 eV.3" The first value is compatible with our DFT results from -3.36
eV/at (GGA PBE) to -3.41 eV /at (PBE-D3(BJ)), as reported on Table 1. The second pre-
viously reported value also agrees with our computed cohesion energies, when a different
normalization is considered (total number of NH, fragments or Li atoms, instead of the total
number of atoms). As expected the cohesion energy increases when the dispersion correction
is considered. PBE-dDsC registers the least increase (-3.37 eV /at) compared to GGA PBE
(-3.36 eV/at).

For LiNHy bulk modulus, our predicted values in the range 24-30 GPa depending on the
functional are in fair agreement with a previous study addressing a value of 33 GPa,3? while
being two times lower than another result reported more recently (77.9 GPa3"). The bulk
modulus derivative is quite similar for both Ru and LiNH, bulk (4.8) and agrees with pre-
vious DFT calculations (3.637). The evaluated formation energy of LiNHy bulk varies from
-2.07 to -2.35 eV/LiNH, (corresponding to -199.6 to -226.6 kJ.mol~! /LiNHj, respectively),
depending on the functional (see Table 1). These values agree fairly well with formation
enthalpy measurements at 298 K (-1.82 eV or -176 kJ.mol~!®) and with previous theoret-
ical predictions at the GGA level (-196.5 kJ.mol™!;3! -212.5 kJ.mol~%;32 -199.2 kJ.mol ;34
-212.3 kJ.mol~139).

To conclude this analysis concerning the calibration of the DFT approach, we have then
decided to keep two functionals for investigating the surfaces and the interfaces of both Ru
and LiNH, materials: GGA PBE offering a good predictive power, both on structure and
energetics, and PBE-dDsC as the dispersion-corrected functional exhibiting the least worst

deviation with respect to the standard GGA PBE level.

Pure Surfaces

The next important step before generating interfaces between the two materials is the in-

vestigation of the DFT models for the pure Ru and LiNH; surfaces. On the basis of the
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two previously selected functionals, we have first examined Ru(0001), as the most stable Ru
surface. Symmetric slabs have been considered with various thicknesses in the range 5-13
atomic layers by using the smallest (1 x 1) supercell. In these models, the three central
atomic planes have been kept frozen to the ideal relaxed bulk geometry, while the remaining
surface layers have been symmetrically optimized on both sides of the slabs. The vacuum
space used to separate two equivalent Ru(0001) slabs along the z axis is 15 A. By examin-
ing the convergence of the surface energy (see Eq. 3) as a function of the slab thickness,

2

an absolute systematic error below +0.007 J.m™* is obtained for models with a minimal

thickness of 13 layers (see Figure S1 of the Supporting Information). For such thick model,

2

the calculated surface energy of 2.59 J.m™ is in very good agreement with available mea-

surements (2.65 J.m~? as reported in Table 2). In the case of PBE-dDsC, the predicted
surface energy of 3.02 J.m~2 is larger than the GGA PBE value, in line with the larger bulk
cohesion energy discussed previously. This validates once again the choice of the GGA PBE
functional. Hence, non-symmetric slabs of Ru(0001) will be considered later in the study
with the minimal equivalent thickness of 7 layers.

In the case of LiNH, materials, the choice of the clean surface in our study has been
based on structural mismatch considerations between the HC P stacking of Ru and BC'T
crystallinity of LiNHy. The (001) surface selected in this work offers the smallest super-
cell and minimal structural mismatch when the latter is interfaced with Ru(0001). In fact,
LiNH,(001) surface can be modeled with a square (1 x 1) supercell of length a (5.03 A from
experiments), while Ru(0001) hexagonal structure can be modeled by a rectangular (2 x v/3)
supercell of lengths 5.40 A (2 x 2.70) and 4.68 A (v/3 x 2.70). With structural mismatches of
-6.8% and 7.5%, LiNH5(001) is thus a reasonable compromise to elaborate interface models
with Ru(0001). In LiNH5(001), the layer stacking offers four different possible terminations,
noted T1, T2, T3 and T4, which correspond respectively to the P1, P2, P3 and P4 planes

of the bulk structure along the [001] row, as illustrated in Figure 1. According to our no-

tations, T1 termination leads to slabs composed of terminal planes presenting 3 Li atoms,
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while T3 termination generates slabs with terminal layers composed of 1 Li atom. In addi-
tion, T2 termination leads to slabs with surfaces exhibiting NHy fragments oriented toward
the materials (the hydrogen atoms defining the convention of orientation and leading to our
notation "NHy down”), whereas T4 termination leads to slabs with surfaces presenting NH,
fragments pointing toward vacuum (noted "NHj up”). Examples of mixed T1T2 and T3T4
and pristine T1T1, T2T2, T3T3 and T4T4 LiNH,(001) slabs are presented in Figures 1 and
2. In all our DFT symmetric models of clean LiNH5(001), the retained supercell is then the
(1 x 1) with a vacuum space of 15 A. Regarding the thickness of the six considered models,
it depends on the considered terminations. For the mixed T1T2 and T3T4 non symmetric
slabs, the stoichiometry of LiNH, bulk is respected and the chosen thickness of our mod-
els is 24 planes, as shown in Figure 1 for the initial geometries and Figures S3-S4 of the
Supporting Information for optimized structures at both GGA PBE and PBE-dDsC levels.
These two models are then defined as stoichiometric and neutral systems. In contrast, for
the T1T1, T2T2, T3T3 and T4T4 pristine symmetric slabs, the stoichiometry of LiNH; bulk
can not be respected and the thickness varies from 23 to 25 planes, as illustrated in Figure 2
for starting geometries and Figures S5-S8 for optimized structures at GGA PBE and PBE-
dDsC levels. These four latter models of LiNH3(001) are then non stoichiometric and polar
systems, of which the electrostatic potential is convergent, due to a net total dipole moment
close to zero, thanks to the slab symmetry. During the geometry optimizations, the models
containing T2 terminations (especially T1T2 and T2T2 slabs) with "NH, down” configura-
tions at the surfaces, have undergone a surface reconstruction corresponding to a rotation of
the NHy terminal fragments from a ”down” configuration to a "up” position (thus leading
to a reconstructed termination noted T4’), as illustrated in the Supporting Information in
Figures S3 and S6. Hence, to ensure the optimization of T2 terminations in these cases
(non reconstructed systems) and allow the evaluation of their surface energies, we had to
freeze the positions of terminal NH, fragments in their initial configurations (" NHy down”).

Similar geometric constraints have also been considered for three other T1T1, T3T4, T4T4
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systems, especially to keep the orientation of the NHy fragments close to the surfaces. The
only system which could be completely relaxed without losing the bulk crystallinity is T3T3.
Apart from the necessary geometrical constraints at the terminal planes, all the degrees of
freedom of all the other atoms belonging to internal planes have been systematically relaxed
in the 5 DF'T models of LiNH,(001) surfaces (T1T2, T3T4, T1T1, T2T2, T4T4). In the Sup-
porting Information, the constrained optimized geometries and the fully relaxed structures
presenting reconstructions have been reported in the Figures S3-S8. The relative stability
between the four possible terminations of LiNH5(001) is then determined by calculating the
surface energies as introduced in Eq. 4. Conversely to Ru(0001) model, the terminations
of LiNH(001) models can be either identical (T;T;) or different (T,T,) in the slabs. This
explains the generalization of the equation related to the calculation of surface energies.
The symmetric slabs related to the T;T; non stoichiometric models allow the evaluation of
the surface energy (o, t;) of each termination T;, as soon as the total electronic energy of
the non stoichiometric equivalent bulk system (FE(LiN Hs(c)) is known. To do so, we had
to develop an energy decomposition analysis based on stoichiometric bulk model to predict
the energy of non stoichiometric bulk systems as explained in the methodology section (see
Eq. 5) and in the Supporting Information. In Table 2, the predicted surface energies of the
four terminations of LiNH5(001) have been reported for both GGA PBE and PBE-dDsC
functionals. Three terminations (T1, T2 and T4) are magnetic (from 1 to 3 up) while T3
is diamagnetic. We conclude that the lithium terminated slabs T1 and T3 (4.77 J.m~2 and
1.53 J.m™2, respectively) are less stable than the NHy terminated surfaces T2 and T4 (0.35
Jm~% and 0.01 J.m2, respectively) with the GGA PBE functional. This trend is identical
at the PBE-dDsC level, as exposed in Table 2. According to these weakly polar symmet-
ric model slabs, the "NHy up” terminated surface of LiNH5(001) is the most stable one
with a very weak surface energy for both functionals. Due to the weak polarity of the four
symmetric non stoichiometric models of LiNH(001), the relevance of the predicted surface

energies can be determined from the two other stoichiometric and neutral non symmetric
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slabs T1T2 and T3T4. Those two systems allow the evaluation of the sum of two surface
energies : y(o,t1) + y(o,t3) or y(o,t3) + v(0,t4). The calculated values are reported in
Table 2. By summing the previously calculated surfaces energies of the four terminations
predicted from the symmetric slabs, we calculate the systematic error between the mod-
els: 2% (1%) for T1T2 and 6% (5%) for T3T4 at the GGA PBE (PBE-dDsC) level. Since
these systematic errors are reasonable with both functionals, the predicted surface energies
of LiNH(001) terminations are thus validated. By the light of this analysis, the interfaces
between LiNH5(001) and Ru(0001) exhibiting a termination T4 not in contact with Ru is
thus expected to be preferential from the energetic standpoint. This being said, the best
choice among the four LiNH,(001) terminations to generate an interface and a contact with
Ru can not be easily guessed. To advance on this question, the adsorption properties of Li

atom and NH, fragment on Ru(0001) have to be investigated in preamble.

Adsorptions on Ru(0001)

For the adsorptions of Li atom and NHy fragment, we have chosen to describe the Ru(0001)
clean surface by a non-symmetric seven-layer thick slab with a (2 x 2) supercell (4 Ru atoms
per layer). The vacuum space separating two equivalent slabs along the z axis is 15 A In
our Ru(0001) slab model, the three bottom most atomic layers have been frozen to the ideal
relaxed geometry of the Ru HC'P bulk (depending on the choice of the functional). The four
upmost atomic layers have been totally relaxed. The optimized structures have been pre-
sented in Figure 3 and adsorption energetics (see Eq. 6 for definition) and optimal distances
in Table 3 at the GGA PBE level. For atomic adsorption of one Li atom, four classical ad-
sorption sites have been considered : onefold top, twofold bridge, threefold hollow HCP and
threefold hollow free. The four of them correspond to local minima on the potential energy
surface with a slight preference for the two hollow sites (-2.53 V) with respect to the bridge
position (-2.50 eV). The predicted adsorption energy for the best sites is in fair agreement

with heat of adsorption measurements® (see Table 3), while the calculated Ru-Li distances

18



at our GGA PBE level are larger than those obtained previously from LDA calculations, %1

as expected.

For the adsorption of one NHy fragment on Ru(0001), only one structure is found stable
(see Table 3 and Figure 3): a twofold bridge position with NH, fragment oriented per-
pendicularly with respect to the Ru-Ru bridge site, in agreement with previous theoretical
studies.21:22:26:28 The top adsorption form is not stable and the NH, fragment diffuses sponta-
neously toward a bridge position during the geometry optimization. The adsorption energy of
NH, fragment with respect to radical NH, gas phase reference is -2.97 eV, thus more exother-
mic than the energy gain for the best adsorption site for Li atom. The adsorption energetics

and optimized geometry are in close agreement with previous DFT calculations?%26:28

per-
formed with various GGA functionals and surface coverage, as shown in Table 3. Hence,
in the perspective of the elaboration of Ru/LiNH, interface models, the choice of the best
termination of LiNH(001) to be in contact with Ru(0001) is not clear cut at this stage due
to the competition between adsorption strengths of Li and NH; on Ru(0001). As a conse-

quence, in the following section devoted to those interfaces, the two possibilities of contact

between materials will be addressed and compared.

Ruthenium-Lithium Amide Interfaces

In the following section, the DFT models of interfaces between Ru(0001) and LiNH,(001)
surfaces will be developed by using the previous results obtained from bulk materials, clean
surfaces and adsorption properties. Regarding the calibration of the Ru(0001) slab, we have

minimized the computational effort by choosing:

e the smallest supercell which can be interfaced with LiNH5(001) slabs with a minimal

structural mismatch : (2 x v/3)

e the minimal thickness required to have converged surface energy for Ru(0001) : 7 layers

(the three bottom most atomic planes being frozen, while the four upmost layers being
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totally relaxed, such as the adsorption models exposed in the previous section).
e the vacuum space considered in the interface models is in the range 10-20 A.

e in all the DFT interface models, the volume of the 3D boxes have not been further
relaxed after having set both materials in contact; the optimal parameters of Ru bulk
of each functional imposing the size of the 3D boxes due to the much larger rigidity of

Ru bulk than the one of LiNH, material (see the computed bulk moduli in Table 1).

Concerning now the working principles for generating interfaces between materials (see

Figure 4), we have ensured that:

e the LiNH,(001) slabs are interfaced with Ru(0001) by considering both contacts with
terminations composed of Li atoms (3 atoms in T1, cf. Figure 4(a) and (b)) and of
NH; fragments (2 fragments in "NHy down” configuration in T2, cf. Figure 4(c) and
(d)). The notation of interfaces will thus be Ru@T;T;, where T; is in contact with

Ru(0001) slab.

e the contacts between LiNH(001) and Ru(0001) slabs have been chosen to reproduce
as much as possible the most stable adsorption forms of Li atom and NH, fragment,

as reported in the previous section.

e for the LiNH,(001) slabs, there are four possible terminations to stop the interface
models toward vacuum. For each case, two different LiNH5(001) thicknesses have been
considered to probe the convergence of interface properties. In our interface models,
the LiNH5(001) slab thickness ranges from 9 to 17 (Li or NHy) planes. At this stage,

this leads to 16 possible interface models.

e the LiNH(001) slab in the interface can be stoichiometric (¢ = s) (cf. Figure 4(a))
or non-stoichiometric (o = ns) (cf. Figure 4(b), (¢) and (d)) as previously evoked for

LiNH,(001) surfaces. This slab can be also neutral (n) (cf. Figure 4(a)), polar (p) and
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neutralized (nz) either by the adsorption of Li or NHy at the contact between materials
(cf. Figure 4(b)) or by generating defects such as one or several vacancies (v) related
to Li atoms (vLi) (cf. Figure 4(c)) or NH, fragments (vNHs) (cf. Figure 4(d)). When

there is no defect or vacancy, the LiNH,(001) slab is pristine (ps) (cf. Figure 4(a) and

(b))-

e to take into account all these possibilities in the notation, we introduce a general
name for all our interfaces : Ru@QT;T;(N;,0,p,v), where IN; is the number of layers in

LiNH5(001), o the stoichiometry of LiNH(001), p its polarity and v its defect degree.

e the spin polarization is considered in all the interface models.

By using these working principles and corresponding notation, we could have created 25
interface models, of which interface energetics has been addressed in Table 4 and in Figure
5, and of which the optimized structures of the most stable systems have been illustrated in
Figure 6. All the illustrations of the optimized interface structures, at both GGA PBE and
PBE-dDsC levels, have been reported in the Supporting Information in Figures S9-S20.

After geometry optimization with GGA PBE functional, 10 among 25 interface models
keep their initial structural arrangement, at the exception of course of local geometric re-
laxations, especially in the LiNH(001) materials and at the interface with Ru(0001). These
systems, which do not undergo a significant reconstruction in the LiNH; materials, are men-
tioned as "none” in the corresponding column of Table 4 and they correspond mostly to
plain interfaces with no vacancy (except one case Ru@T2T3(14,ns,nz,vLi(cor))). Regarding
interface energies, these non-reconstructed systems cover almost the whole range of stability
from the most competitive systems (2.37 J.m ™2 for the Ru@QT2T4(9,ns,nz,ps), as illustrated
in Figure 6(b)) to the least stable model (12.30 J.m™2 for the Ru@T1T1(17,ns,p,ps)). This
family of non-reconstructed interfaces is composed of systems with T1 and T2 contacts, with
a large preference for T2 contacts.

Among the 25 interfaces, 15 models have undergone a significant reconstruction in the
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LiNH(001) materials (see column 2 of Table 4). 6 systems have undergone a systematic
reconstruction in the terminal T2 plane (exposed to vacuum) where the NH, fragments have
been rotated from a "NHy down” configuration toward a "NH, up” situation (2 systems
being in T1 contact with Ru, and 4 being in T2 contact). Such a reconstruction has thus
been noted T4’ in our work. This can be explained easily by the energetic gain encountered
from T2 to T4 terminations and related surface energies, as reported previously on Table
2. Such a reconstruction is also possible thanks to the free rotations of NHy fragments at
the terminal plane of the interface models. For a sake of simplicity, the final notations of
reconstructed interfaces are kept as identical to those of the initial configurations (see column
1 of Table 4). Concerning interface energies, the two systems in T1 contact with Ru(0001)
(plain interfaces) are not competitive in stability with a large interface energy in the range
7.09-7.21 J.m~2, whereas the family of 4 systems presenting a T2 contact and a T4’ surface
reconstruction (two plain and two defective interfaces containing NH, vacancies) constitutes
the set of the most stable interfaces with values in the range 1.93-3.13 J.m=2 (cf. Figure
6(a),(d)). The most stable interface model predicted in this work Ru@T2T2(11,ns,p,ps)

2 (cf. Figure

belongs to this family and exhibits a minimal interface energy of 1.93 J.m™
6(a)). When the thickness of LiNH; materials is extended by 4 planes with respect to the
most stable system, we have obtained the interface model Ru@T2T2(15,ns,p,ps) (cf. Figure
6(d)) with the same surface reconstruction T2T4’ and a very similar layer-by-layer optimized
structure. The interface energy is destabilized (2.23 J.m™2) by comparison with the most
stable thinner model.

In the remaining 9 interface models presenting a significant reconstruction different from
T2T4’, 6 systems correspond to defective interfaces only with Li vacancies (both T1 and
T2 contacts, with 5 and 1 interface models, respectively), while the 3 remaining ones are
plain interfaces with a T2 contact. At the level of interface energies, the 5 defective inter-

face models, with a T1 contact and showing a complex reconstruction, present a much more

stable interface energy with respect to their corresponding plain interface model, discussed
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before. In other words, the generation of Li vacancies for interface models, with a T1 con-
tact with Ru, leads to more stable systems (in the range 5.83-7.46 J.m ™2 by comparison
with 9.14-12.30 J.m ™2 for non defective systems). Nonetheless such Li vacancies for defec-
tive interfaces with T1 contact do not provide competitive candidates with respect to the
most stable system. Regarding the reconstructions, 4 systems, among the corresponding 5
interfaces with a T1 contact, present a complex rearrangement along the LiNH; materials,
in particular at the interface with Ru and at the surface (with vacuum above), with the
possibility of merging two different planes composed of Li atoms and NHy fragments. Such
complex rearrangements have been noted Tij with ¢ and j referencing to P1, P2, P3 or
P4 usual planes (LiNH, bulk). Moreover, two additional notations have been introduced to
encounter for half-Li planes ("P5”, with two Li atoms, intermediate between P1 and P3)
and for half-NHy planes ("P6”, with one NHy fragment instead of 2, such as P2 and P4). i
and j follow the initial ordering of the LiNH, planes along the z axis, from Ru(0001) to the
surface terminating LiNH5(001). In this latter family of 6 reconstructed interfaces based on
defective systems, the last one Ru@T2T3(10,ns,nz,vLi(cor)) (cf. Figure 6(c)) is by far the

most stable one with a low interface energy of 2.42 J.m =2

, making this system competitive
with respect to the T2T4’ family of reconstructed interfaces. Concerning now the family
of 3 plain interfaces undergoing a significant reconstruction different from T2T4’, they all
present a T2 contact with Ru(0001) and complex rearrangements notably at the interface
with Ru(0001) and at the surface of LiNH(001), leading to the formation of P5 and P6
merged planes. These non defective systems are however not much competitive because of
large interface energies (in the range 4.10-7.08 J.m~2).

An interesting analysis concerns the discussion of the stability trends of the interface
models as a function of the thickness of LiNH, materials, as depicted in Figure 5(a) at the
GGA PBE level. The two families of colored points correspond to the two considered con-

tacts with Ru(0001): T1 contact with black squares and T2 contact with red circles. Among

the 13 interface models presenting a T2 contact with Ru(0001), the 8 most stable systems

23



have been kept, thickness by thickness, from 9 to 16 planes. These 8 systems introduced in
Table 4 can be stoichiometric or not, neutral, polar or neutralized, pristine or defective. This
family of T2 contact with Ru is the most competitive one regarding their stability. When
the LiNH, thickness increases from 9 to 11 layers, the interface energy becomes minimal
with the most stable system at 11 layers (1.93 J.m™2). From 13 to 15 layers, the thicker
and equivalent systems describe a similar trend with a global loss of stability (larger inter-
face energy in average). The two singularities at 12 and 16 layers correspond to the same
interface model, ending with a surface plane of LiNH(001) composed of 3 Li atoms (i.e.
least stable T1 termination). The interface energies are not competitive at all due to the
energetic cost to generate T1 termination. From a more general standpoint, the increase
of the LiNH, materials thickness tends to destabilize the interface energy. Among the 12
interface models related to a T1 contact with Ru(0001), the 8 most stable systems have
been also reported in Figure 5(a), from 10 to 17 layers, by keeping the most stable system,
thickness by thickness, similarly as T2 contact. The corresponding family of interfaces is
globally much less stable than the family presenting a T2 contact with Ru. In addition,
when the thickness of LiNH, materials increases, the interface energy is progressively desta-
bilized in average. As an intermediate conclusion, the contact between Ru(0001) and P2
plane of LiNH, materials composed of NHy fragments leads to more favorable interfaces.
This result is by far counter-intuitive with respect to the DFT calculations comparing Li
and NH, adsorption on Ru(0001). Moreover the thinner the extent of LiNH,(001) slab in the
interface with Ru(0001), the more stable is the interface. The 4 most stable interface models
belonging to the family of T2 contact with Ru(0001) exhibit an interface energy in the range
1.93-2.42 J.m ™2, which is lower than the calculated surface energy of clean Ru(0001) surface
(2.59 J.m™? at GGA PBE level). This means that these interface models are more stable
than the clean metallic surface, so the T2 contact with LiNH(001) is thermodynamically
favorable. Hence this latter comparison justifies the relevance of our choices for the interface

models.
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At the level of magnetism, the spin polarization predicted for the most stable inter-
face models, thickness by thickness, discussed before, have been reported in Figure 5(b) at
the GGA PBE level, by keeping the correspondence of color labeling. As addressed in the
Methodology section, all the interface models have been optimized with spin-polarized calcu-
lations. According to the total magnetization obtained as a function of the contact between
LiNH, and Ru, and as a function of the thickness of LiNH, materials in the interface model,
no clear trend is observed. The evolution of spin properties is by far complex (with non
magnetic, weakly and strongly magnetic systems) and justifies the exigence of considering
magnetization throughout the study.

In order to go further in the understanding of the absolute stability of the considered
interface models, one can decompose the interface energies into the sum of surface energies to
form the two separate materials slabs put in contact (positive and destabilizing contribution)
and the adhesion energy corresponding to the energetic gain (negative and stabilizing contri-
bution) related to the chemical bonding between materials and the likely reconstruction at
the terminations of LiNH,(001) slab if it occurs (see Eq. 8). According to the previous analy-
sis, the most stable family of interfaces exhibits a T2 contact with Ru(0001) and corresponds
to non-stoichiometric, polar or neutralized systems (neutralization either by contact with Ru
or via the generation of vacancies), pristine or defective, if we keep the five most competitive
systems having an interface energy in the range 1.93-2.50 J.m 2 at the GGA PBE level. None
of these interfaces are stoichiometric and neutral with respect to LiNH2(001) slab, such as
Ru@T2T1(12,s,n,ps) or Ru@QT2T1(16,s,n,ps). This is then counter-intuitive to favor complex
interfaces as those belonging to the most stable family. The absolute stability of the most
stable system Ru@T2T2(11,ns,p,ps) (1.93 J.m™2) results from a significant energetic cost to
form LiNH,(001) T2T2 and Ru(0001) slabs (5.99 J.m~2) and the counter-balancing energetic
gain due to adhesion (-4.05 J.m~2), according to Table 4. By increasing the thickness of the
LiNH(001) slab, we obtain a similar Ru@T2T2(15,ns,p,ps) system, which is however less

stable than the thinner equivalent system, because of a weakening of the adhesion energy
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(-3.76 J.m™?), the cost for generating the slabs being identical. In fact, LiNHy(001) has a
weaker propensity to accommodate the structural mismatch with the Ru(0001) surface for
thicker slabs due to the larger cohesion energy in its crystal at GGA PBE. By decreasing the
thickness of LiNH5(001) from the most stable system Ru@T2T2(11,ns,p,ps), one generate a
non stoichiometric neutralized interface model Ru@T2T4(9,ns,nz,ps), which combines two
intrinsic qualities : the spontaneous loss of polarity due to the T2 contact with Ru(0001)
and the minimal energetic cost to form LiNH(001) T2T4 and Ru(0001) slabs (5.65 J.m™2).
However, as reported in Table 4, the adhesion energy is less stabilizing (-3.28 J.m~2), hence
showing the benefit of the T2T4’ reconstruction (estimated to -0.77 J.m™2), in the case of
the most stable system (with an adhesion energy of -4.05 J.m™2). For Ru@T2T4(9,ns,nz,ps),
the increase of the thickness of LiNH; leads to similar conclusions (destabilizing of interface
energy due to a weakening of adhesion energy). Finally, the generation of one Li vacancy
results in a fifth competitive interface model Ru@QT2T3(10,ns,nz,vLi(cor)) with an interface
energy of 2.42 J.m™2. This defective system has a better ability to minimize the structural
mismatch with Ru(0001) (more exothermic adhesion energy of -4.75 J.m™?)) at the detriment
of a much larger energetic cost to form LiNH(001) ' T2T3 and Ru(0001) slabs (7.17 J.m™2),
due to the larger surface energy of T3 termination composed of one Li atom. In summary,
Ru@T2T2(11,ns,p,ps) is the most stable interface model since it combines a minimal cost
to generate both slabs to put in contact with a significant energetic gain related to adhesion
energy. Regarding now the other less competitive systems presenting a T2 contact with
Ru(0001), the interface energies are larger due either to the presence of NH, vacancies which
diminishes the adhesion energy or to the presence of T1 or T3 terminations in the LiNH5(001)
slab leading to a much larger energetic cost to form it. The worst cases correspond to the
stoichiometric and neutral systems Ru@T2T1(12,s,n,ps) and Ru@QT2T1(16,s,n,ps) exhibiting
the largest cost to form the slabs (10.40 J.m™2). For the same reasons, all the interface mod-
els involving a T1 contact with Ru(0001) imply a much larger interface energy, because of a

high energetic cost to generate the two slabs (in the range 10.06-14.82 J.m~2). Such a cost
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is never counter-balanced by the adhesion energy and even the T1 contact with Ru(0001)
through 3 Li atoms may be more favorable (with adhesion energies up to -8.85 J.m™2).

The whole energetic analysis has been extended to the DFT calculations including dis-
persion (van der Waals forces) thanks to the PBE-dDsC functional (see the methodology
section). Due to the weak competition of interface models involving a T1 contact with
Ru(0001) at the GGA PBE level, only the 12 interface models presenting a T2 contact with
Ru have been reoptimized with PBE-dDsC and the corresponding results are exposed in
Table 4 and in the Supporting Information for optimized geometries. By the light of these
complementary results, our conclusions drawn from GGA PBE calculations have been con-
firmed (at the exception of the effect of LiNH3(001) thickness), thus showing the robustness
of our theoretical approach (the interface energies being similar between functionals).

The stability of the interfaces between both materials can be related to an electronic
analysis based on Bader charge transfers, as reported in Figure 7. For the separate Ru(0001)
and LiNH, bulk systems, the Bader charge analyses (see Figure 7(a)) show that the two
surface layers of clean Ru(0001) have gained electrons at the detriment of the two subsur-
face layers which are positively charged, while the LiNH; bulk (see Figure 7(b)-(d)) exhibits
a distribution of charges in agreement with the electronegativity of atoms and fragments
(Li atoms being positively charged, while NH; moities being negatively charged, and the
charges being hold by N atoms). For the most stable interface model Ru@T2T2(11,ns,p,ps),
the contact between materials induces a charge transfer from the surface layer of Ru(0001)
(see Figure 7(a)), in contact with lithium amide, to the internal NHy planes of LiNH,(001),
as illustrated in Figure 7(c). Hence the initially available negative charge at the surface of
Ru(0001) is transfered to the core of LiNH5(001). Moreover, all the Li and H atoms (posi-
tively charged) are spectator in such charge transfer due to the interfacing. The generation
of a NHj single vacancy at the core of LiNH(001) interfaced with Ru(0001) leads to a signif-
icant destabilization of the interface (see for instance Ru@T2T2(11,ns,nz,vNHy(cor))). The

Bader charge transfer is less for this defective and neutralized system than the one previously
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discussed for the most stable interface model. Hence there is a correlation between the Bader
charge transfer and the stability of the catalytic interface. At the opposite, in the case of
the most stable interface between materials with a T1 contact (Ru@T1T2(12,s,n,ps) which
is by far less stable than the majority of interfaces with a T2 contact), we obtained a charge
transfer from LiNH3(001) to the interface with Ru(0001), which is characterized by an elec-
tronic depletion of the N atoms belonging to the terminal plane of LiNH5(001) composed of
a reconstructed T4’ termination (NHy(up)) and concomitant significant electronic gains at
the interface between Ru(0001) and LiNH5(001), especially at the surface layer of Ru(0001),
at the adsorbed Li atomic plane and at the NHs plane closest to the interface. Finally the
counter-intuitive and opposite charge transfer from LiNH(001) to Ru(0001) in the case of

a T'1 contact explains the high metastability of such interfaces.

Conclusion

In this study, we have exposed DFT calculations of clean LiNH,(001) surfaces, adsorp-
tion properties of atomic Li and NHy fragment on Ru(0001) as well as interface models
for the Ru(0001)/LiNH5(001) catalyst, with various exchange-correlation functionals and a
systematic description of spin polarization. Although the standard GGA PBE functional
provides a satisfactory level of predictions for separate Ru and LiNH, bulk materials, the
consideration of van der Waals forces has also been explored in this work, showing a less pre-
dictive power concerning structure and energetics of bulk materials. Among the dispersion-
corrected functionals, PBE-dDsC has been selected as the best compromise for describing
weak van der Waals interactions without deviating too much with respect to the satisfac-
tory GGA PBE level. Regarding Ru(0001)/LiNH»(001) interfaces, a large set of possibilities
has been explored by varying the chemical contact between both materials, the thickness of
the LiNH(001) slab, its stoichiometry and its polarity. Five interface models have shown

a remarkable stability with an interface energy lower than the surface energy of the clean
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Ru(0001) surface. This means that the absolute stability of those five interfaces is intermedi-
ate between the high stability of LiNH5(001) most stable termination (NHy terminal planes
with hydrogen atoms pointing toward vacuum) and Ru(0001). Hence the contact between
Ru and LiNH,; materials induces a significant loss of stability for LiNHy moiety which can
compensate this by structural reconstructions. These reconstructions can be all the more
important than LiNH, is defective with the presence of vacancies. Our theoretical models
show that the contact between Ru(0001) and a NHy terminal plane of LiNH(001) is much
more favored than the one between Ru(0001) and a Li terminal plane of LiNH5(001). The
five most competitive interfaces are all non stoichiometric, polar or neutralized, pristine or
defective with the presence of one single lithium vacancy. The stoichiometric interfaces are
particularly high in energy. The most frequent reconstruction which has been registered in
all the interface models corresponds to a rotation of the terminal NHy plane from a bulk
configuration oriented toward LiNH(001) to a conformation where the hydrogen atoms of
NH, fragments are pointing toward vacuum. The corresponding energy gain has been eval-
uated to -0.77 J.m 2.

This theoretical study opens interesting perspectives for developing relevant interface
models in the context of the decomposition of ammonia on Ru/LiNH, catalyst. Thanks
to the particular interfacial structure between both materials, several assumptions could be
postulated for elucidating the reaction mechanism. Since the most stable candidates for
interfacing Ru and LiNH; materials are composed of a contact through NH, fragments, the
role of lithium atoms present in the amide could be either indirect, i.e. at distance from the
transition state of the rate determining step (through an electrostatic control), or direct by

generating new lithiated surface species (through an orbitalar control).
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Table 1: Ground-state structural and energetic properties of optimized ruthe-
nium and lithium amide bulks predicted by DFT calculations with various ex-
change and correlation functionals : pure GGA PBE, and dispersion-corrected
PBE-D3(0D), PBE-D3(BJ), PBE-dDsC. Those optimized bulks are non mag-
netic. Lattice parameters (a, ¢, A), cohesion energy (E.,, eV/at.), formation
energy (E,.,, €V/LiNH,), bulk modulus (B;, GPa) and its derivative (B’y,
dimensionless). Experimental crystallographic and energetic data are also re-

ported.

System Ru Bulk LiNHy

Functional GGA DFT-D3 DFT-D3  dDsC Exp. GGA DFT-D3 DFT-D3 dDsC Exp.
PBE PBE(0D) PBE(BJ) PBE PBE PBE(0D) PBE(BJ) PBE

a (A) 2.71(5) 2.69(2) 2.69(2) 2.70(1) 2.7059* 5.00(4) 4.89(8) 4.85(1) 4.85(2)  5.0344°

¢ (A) 4.28(0) 4.24(8) 4.25(0)  4.26(2) 4.2815* 10.32(5) 10.13(1)  10.07(6) 10.13(4) 10.2556°

Eeon (eV/at.) -7.19(4) -7.75(3)  -7.75(0) -7.56(4) -6.74¢ -3.36(0) -3.38(0)  -3.40(7) -3.36(9)

Eform (eV) -2.07(4)  -2.05(8)  -2.09(3) -2.07(0) -1.82¢

By (GPa) 310 311 312 311 303¢ 24 30 31 30

B’ 4.8 4.7 4.6 4.7 4.8 4.9 4.9 4.1

@ gee Ref.%* b gsee Ref.?? ¢ see Ref.5” ¢ gee Ref.?®
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Table 2: Surface energies (J.m?) and magnetization (uz) of optimized Ru(0001)
(7 atomic layers) and LiNH,(001) (from 23 to 25 planes) clean slabs accord-
ing to pure GGA PBE and dispersion-corrected PBE-dDsC functionals. For
LiNH,(001), the four possible terminations (7;) can be combined into two sto-
ichiometric, neutral and pristine mixed slabs (T1T3 and T3T4) or four non
stoichiometric, polar and pristine symmetric systems (T1T1, T2T2, T3T3 and
TAT4).

System Surface energy Magnetization
Functional GGA PBE PBE-dDsC Refs. GGA PBE PBE-dDsC
Ru(0001) 2.59(6) 3.02(2) 2.65% - -
LiNH3(001)-T1T2 5.00(7) 5.57(4) 2.73(5) 1.64(6)
LiNH5(001)-T3T4 1.45(6) 1.83(0) 0.37(7) 0.37(9)
LiNH3(001)-T1T1 4.77(3) 5.17(7) 2.77(2) 1.64(5)
LiNH2(001)-T2T2 0.35(4) 0.48(9) -3.00(0) 3.00(0)
LiNH3(001)-T3T3 1.53(5) 1.73(1) 0 0
LiNH5(001)-T4T4 0.01(5) 0.20(8) 0.99(8) 0.99(8)
¢ Exp. Ref.%?
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Table 3: Adsorption properties of Li atom and NH, fragment on Ru(0001) (GGA
PBE, coverage 0.25 ML): adsorption site, energy E,4 (eV), key distances (A).

System Li NHo

Site Top Bridge Hollow HCP Hollow free Refs. Bridge Refs.
Eugs (V) -2.33  -2.50 -2.53 -2.53 2.5% 297  -2.957; _3.01°
Ru-Li (A)  2.42 2.62 2.71 2.71 2.22%; 2.13¢

Ru-N (&) 2.12(2) 2.13%f
N-H (A) 1.02(1) 1.015%f

¢ Experimental for a surface coverage of 0.020 ML 59
¥ LDA calculation at a coverage of 0.25 ML 60
¢ LDA calculation at a coverage of 0.25 ML 61
4 GGA B88XP86C calculation at a coverage of 1/6 ML 28
¢ GGA PW9L1 at a coverage of 0.25 ML 22
f GGA rPBE at a coverage of 1/16 ML 26
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Table 4: Interface name, interface energy (J.m?), total magnetization (u:B)
and energy decomposition analysis (sum of surface energies of separated ma-
terials and adhesion energies between them, all expressed in J.m?) for all the
DFT models of Ru(0001)/LiNH,(001) system (GGA PBE and PBE-dDsC func-
tionals). Reconstructions of the LiNH,(001) structure are mentioned with the
corresponding transformations for terminal planes, when they occurred during
the geometry optimizations.

Interface Structure Interface energy Magnetization Sum of surface energies Adhesion energy
Functional Reconstruction  GGA PBE  PBE-dDsC  GGA PBE PBE-dDsC GGA PBE PBE-dDsC GGA PBE PBE-dDsC
Ru@T1T4(10,ns,nz,ps) none 7.36(6) - 0.32(0) - 10.06(7) - -2.70(1) -
Ru@T1T4(14,ns,nz,ps) none 7.50(1) - 0 - 10.06(7) - -2.56(7) -
Ru@T1T3(11,ns,p, ps) none 9.14(5) - 0 - 11.58(8) - -2.44(2) -
Ru@T1T3(15,ns,p,ps) none 9.21(7) - 0 - 11.58(8) - -2.37(1) -
Ru@T1T2(12,5,n,ps) T1T2 — TITY  7.09(8) - 1.34(1) - 10.40(6) - -3.30(8) -
Ru@T1T2(16,5,n,ps) TIT2 » TITY  7.21(4) N 1.39(0) - 10.40(6) - -3.19(2) -
Ru@T1T1(13,ns,p,ps) none 12.24(0) - 0 - 14.82(1) - -2.58(1) -
Ru@T1T1(17,n8,p,ps) none 12.30(5) - 0.08(3) - 14.82(1) - -2.51(6) -
RuQT1T3(1L,s,nz,2vLi(int)) T3T3 — T56143  5.83(8) - 0 - 11.58(8) - 5.75(0) -
Ru@T1T3(11,5,nz,2vLi(cor)) TIT3 - TIT3  7.23(5) - 1.13(4) - 11.58(8) - -4.35(2) -
Ru@T1T3(15,s,nz,2vLi(int)) T3T3 — T567T3 6.32(7) - -0.07(9) - 11.58(8) - -5.26(0) -
Ru@T1T1(13,s,nz,3vLi(int,cor,suf)) T5T5 — T36T4'3  5.96(6) - -0.0002 - 14.82(1) - -8.85(5) -
Ru@T1T1(17,5nz,3vLi(int 2cor)  T5T1 — T36T4'3  7.46(7) - 0 - 14.82(1) - -7.97(4) -
Ru@T2T4(9,ns.02,ps) none 2.37(3) 2.66(6) 203003)  -0.32(0) 5.65(2) 6.62(5) 328(0)  -3.96(9)
Ru@T2T4(13,ns,nz,ps) none 2.50(4) 2.17(7) 0.35(7) 0.37(3) 5.65(2) 6.62(5) -3.14(8) -4.44(8)
Ru@T2T3(10,n5,p,ps) T2T3 — T2373  4.10(2) 4.23(9) 0 0 7.17(3) 7.93(3) 3.07(5)  -3.69(4)
Ru@T2T3(14,n8,p,ps) none 4.23(0) 3.70(5) 0 0 7.17(3) 7.93(3) 2.04(3)  -4.22(7)
Ru@T2T2(11,n8,p,ps) T2T2 - T2T4  1.93(2) 2.04(2) 0.58(7) 0 5.99(1) 6.75(1)  -4.05(9)  -4.70(9)
Ru@T2T2(15,n8,p, ps) ToT2 5 T2TY  2.23(0) 1.92(5) 1.37(6) 1.41(5) 5.99(1) 6.75(1) 3.76(1)  -4.82(7)
Ru@T2T1(12,5,1n,ps) T2T1 — T23T65  7.02(5) 6.84(2) -0.19(0) 0 1040(6)  1117(0)  -3.38(1)  -4.32(9)
Ru@T2T1(16,s,n,ps) T2T1 — T2T65 7.08(8) 6.26(7) 0.07(8) 0 10.40(6) 11.17(0) -3.31(8) -4.90(3)
Ru@T27T3(10,ns,nz,vLi(cor)) T2T3 — 12743 2.42(3) 2.79(3) 0 0 7.17(3) 7.93(3) 27500 -5.14(0)
Ru@T2T3(14,ns,nz,vLi(cor)) none 3.08(7) 2.84(7) -0.10(6) 0 7.17(3) 7.93(3) -4.08(5) -3.35(2)
Ru@T2T2(11,n8,nz,vNHj (cor)) ToT2 5 T2TY  3.13(2) 3.43(3) 0.51(7) 0 5.99(1) 6.75(1) 2.859)  -3.31(8)
Ru@T2T2(11,n8,n2,yNHs(suf)) T2T2 - T2T4 2.65(8) 2.86(6) 0.37(2) 0 5.99(1) 6.75(1) 333(3)  -3.88(5)
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(a) Bulk LiNH, (b) Stoichiometric surfaces
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Figure 1: (a) Definitions and notations related to the four planes (P;, ¢ = 1, ...,4) in the bulk
of LiNH, materials leading to the generation of four surface terminations for LiNH(001)
(noted T;, i = 1, ..., 4, respectively). Please note that in our lateral view, two of the three Li
atoms of P1 plane are superposed. In the bulk, the notations of the Li and NH, planes are
symmetrized starting from a hypothetic central NH, plane, in order to be able to define the
equivalent planes in the symmetric slabs of LiNH(001), by following the blue arrows. (b)
Bulk truncated structures of the two possible stoichiometric, neutral and pristine termina-
tions for the LiNH(001) surface. According to our notations, the T2 termination corresponds
to a surface composed of NH, fragments pointing toward LiNHy materials ("NHy down”),
whereas, in T4 termination, the surface NHy moieties are pointing toward vacuum (”NH,
up”). The notations of the different planes are following the definitions of the bulk exposed
in (a). Labels and colors of atoms are depicted.
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Figure 2: Lateral views of the four possible bulk truncated symmetric and unrelaxed models
of non stoichiometric, polar and pristine LiNH5(001) surfaces: (a) T1T1, (b) T2T2, (c)
T3T3, (d) T4T4 terminations. Labels and colors of atoms are depicted.
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Figure 3: Lateral and top views of optimized adsorption structures of a Li atom on Ru(0001):
(a) bridge, (b) top, (c) hollow free and (d) hollow hep positions. (e) Lateral and top views of
the optimal adsorption structure of a bridge-bonded NH, fragment on Ru(0001). Distances
are addressed in A. Labels and colors of atoms are depicted.
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Figure 4: Lateral views of starting geometries of Ru(0001)/LiNH5(001) typical inter-
faces. A (2 x /3) supercell is chosen to minimize the materials structural mismatch:
(a) stoichiometric (s), neutral (n) and pristine (ps) Ru@T1T2(16,s,n,ps) interface (com-
posed of 16 layers of LiNHs); (b) non-stoichiometric (ns), neutralized (nz) and pristine
Ru@T1T4(14,ns,nz,ps) interface (composed of 14 layers of LiNH;); (¢) non-stoichiometric,
neutralized and defective Ru@T2T3(14,ns,nz,vLi(cor)) interface (with a single Li vacancy in
the core, noted vLi(cor), of 14 layers of LiNHs); (d) stoichiometric, neutralized and defec-
tive Ru@T2T2(11,ns,nz,vNHy(cor)) interface (with a single NHy vacancy in the core, noted
vNH,(cor), of 11 layers of LiNH,). Single vacancies are marked by red dotted line circles.
Distances are expressed in A. The colors and atom labels are those depicted in previous
Figures 1-3.
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Figure 5: (a) Interface energies (J.m™2) of optimized Ru(0001)/LiNH(001) systems (GGA
PBE) as a function of the thickness of LiNH5(001) slab (see Table 4 for details). The two
considered contacts between materials is marked by different colors : black for a contact with
an atomic Li plane P1 (related to T1 termination) and red for a contact with a NHy molecular
plane P2 (related to T2 termination). See Figure 1 for definitions of planes in LiNH,. For
a given thickness, only the interface energy of the most stable model is reported from Table
4. The horizontal black line corresponds to the calculated value of the surface energy of the
clean reference Ru(0001). (b) Total magnetization (uB) of optimized Ru(0001)/LiNH5(001)
interfaces (GGA PBE) as a function of the thickness of LiNH2(001) slab.
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Figure 6: Lateral views of optimized structures of Ru(0001)/LiNH3(001) most sta-
ble interfaces (GGA PBE): (a) non-stoichiometric (ns), polar (p) and pristine (ps)
Ru@T2T2(11,ns,p,ps) reconstructed interface (composed of 11 layers of LiNHy reconstructed
in 727'4"); (b) non-stoichiometric, neutralized (nz) and pristine Ru@T2T4(9,ns,nz,ps) in-
terface (composed of 9 layers of LiNHs); (c¢) non-stoichiometric, neutralized and defective
Ru@T2T3(10,ns,nz,vLi(cor)) reconstructed interface (with a single Li vacancy in the core,
noted vLi(cor), of 10 layers of LiNH, reconstructed in 727'43); (d) non-stoichiometric, polar
and pristine Ru@T2T2(15,ns,p,ps) reconstructed interface (composed of 15 layers of LiNH,
reconstructed in 7274"). Single vacancies are marked by red dotted line circles. Interface
energies are expressed in J.m~2. The colors and atom labels are those depicted in previous
Figures 1-3.
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Figure 7: Bader transfer charge transfer analysis of separate Ru(0001), LiNH, bulk systems
(black dotted lines) and Ru@T2T2(11,ns,p,ps) (red full line), Ru@T2T2(11,ns,nz,vNHy(cor))
(blue full line) and Ru@T1T2(12,s,n,ps) (orange full line) interfaces. The chosen pris-
tine Ru@QT2T2(11,ns,p,ps) and Ru@T1T2(12,s,n,ps) interfaces are the most stable ones
through a T2 or a T1 contact with LiNHs, respectively.  The selected defective
Ru@T2T2(11,ns,nz,vNHy(cor)) interface presents the influence of a single NHy vacancy in
the core of LiNHy materials on the Bader charge transfer. (a) layer by layer average Bader
charge per Ru atom in the Ru(0001) seven-layer slab, in presence or in absence of the contact
with LiNHy; (b) layer by layer average Bader charge per Li atom in the Li atomic planes of
LiNH,, in presence or in absence of the contact with Ru(0001); (c) layer by layer average
Bader charge per N atom in the NH, planes of LiNHs, in presence or in absence of the
contact with Ru(0001); (d) layer by layer average Bader charge per H atom in the NH,
planes of LiNHs, in presence or in absence of the contact with Ru(0001); (e) an example of
the definitions of the planes is given in the structure illustrating the most stable interface
Ru@T2T2(11,ns,p,ps). In our definition, the Bader charges are calculated by taking the
valence of the isolated atoms as references. Ru atoms exhibit positive or negative Bader
charges meaning that they can be either negatively or positively charges, respectively. N
atoms of LiNH, present systematically positive Bader charges meaning they are negatively
charged. At the opposite, Li and H atoms of LiNH, are always positively charged.
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