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ABSTRACT

Lamellar lithiated nitridonickelates have been investigated from both experimental and
theoretical points of view in a wide range of compositions. In this work, we evidence that the
nickel ion in lamellar lithiated nitridonickelates adopts an intermediate valence close to +1.5.
This solid-solution can therefore be written Lis_1.5xNixN with 0 <x <0.68. Attempts to introduce
more nickel into these phases systematically lead to the presence of the endmember of the solid

solution, Lii97NioesN, with metallic nickel as impurity. The LiNiN phase has never been



observed and first-principles calculations suggested that all the structural configurations tested

were mechanically unstable.

INTRODUCTION

The lamellar lithium nitride, Li3N, and its transition metal substituted derivatives, the ternary
lithium nitridometalates, attracted attention due to their ionic conductivity [1,2,3,4],
electrochemical activities as Li-ion negative electrode materials [5,6,7,8,9], or hydrogen storage
capabilities [10,11,12,13]. The structure of these lithiated transition metal nitrides is based on
the hexagonal Li3N structure-type (S.G. P6/mmm) shown in Figure 1. Nitrogen ions are in the
la Wyckoff site, and lithium ions fill the 15 and 2¢ sites. Based on this compound, substitution
is a traditional way to tune properties for specific applications. In Ni, Co or Cu derivatives,
transition metal species substitute lithium ions located in the interplanar 15 site, and, depending
on the oxidation state of the transition metal, lithium vacancies are created in the 2¢ site to

compensate the charge difference.



Figure 1: Li3N-type hexagonal structure (S.G. P6/mmm) of Liz,xMN with M=Cu, Ni or Co.

These lamellar phases are usually prepared by reacting LisN with the transition metal in a
nitrogen atmosphere at 580°C to 750°C [5,7,8,14,15]. Nitrogen acts as an oxidant in the reaction

between Li3N and the transition metal M (M= Co, Cu, Ni) which can be written:
. R AH R .
LisNesy + R Mis) + (2) Nz () = = Ly MiNegy (1)

where R is the molar ratio R = M/LisN, y is the transition metal oxidation state in (Li")s.
w(M)N* and x, the fraction of the transition metal M present in the 1b site. Thus, the final
chemical composition is directly related to the nitrogen uptake required to oxidize the transition
metal MY, In addition, the synthesis temperature around 700°C and higher under continuous
nitrogen flow favors the lithium sublimation, which may lead to uncertainty in the lithium

content. The literature suggests different oxidation states for the transition metal ions in these



phases, ranging from +1 degree [4,14,16,17,18,19] to +2 degrees [5,15,20, 21, 22,23,24,25],

with some reports of intermediate valences [7,26,27,28].



Table 1 summarizes the oxidation states proposed for nitridonickelates prepared under different
synthesis conditions. Such a dispersion in the reported compositions, and therefore, in the
oxidation state of the nickel ions, could be attributed to the difficulty of simultaneously
determining lithium, nickel and nitrogen contents. In this work we have prepared a series of
Lis.,yNi,N samples by a solid-state route under nitrogen flow. The composition was determined
by two Ion Beam Analysis (IBA) methods: the Nuclear Reaction Analysis (NRA) and the
Rutherford Backscattering Spectrometry (RBS). These methods are particularly suitable for
determining the composition of light elements such as lithium and nitrogen simultaneously with
transition metals. Measurements were carried out on bulk samples in order to gain insight into
their homogeneity, thus allowing the composition to be correlated with the structural
characterization carried out by X-Ray diffraction (XRD). In addition, a theoretical evaluation
of the stability of several metal contents with 3 different oxidation states, i.e., +1, +1.5 and +2,
was carried out by first principles calculations using the Special Quasi-random Structures (SQS)

method to describe disordered cells.



Table 1: Composition, nickel oxidation state and synthesis conditions as reported in the

literature.
Composition Oxidation state Synthesis condition reference
o Li3N on Ni foil
LiNiN +2 ) [6,24,25,28]
750°C 7days in N atm.
) ) Li3N in Ni tube
L1 36Nig.7oN +2 , [21]
750°C 5 days in N> atm.
i<Ni Li3N in Ni tube
LisNisN +1.33 ' 28]
(Li1.e7NiN) 750°C 24h in N, atm.
Lis[(Lio23Nio.77)N]3 143 Li3N+Ni mixture under N> 27]
(Li1.90Nio.77N) ' rapid cooling from 900°C
Liz2xNiN Mixture LisN+Ni powders
+2 [5,20]
(0.2<x<0.6) 700°C 8h under N flux
Lis.Ni.N 1 Mixture LisN+Ni powders -
+ _ o _ ;
(0.0 <x < 0.85) 500-600°C, 20-40h in N
atm.
) ) Li3N on Ni foil
Li232Ni036N +1.88 ) [26]
690°C, 7 days in N; atm.
) ) Li3N on Ni foil
Li2.53Nio34N +1.37 ) [26]
690°C, 24h in N> atm.
) ) Li3N on Ni foil
L12.48Nip 36N +1.45 ) [26]
580°C, 7 days in N atm.
o Li3N on Ni foil
Li2.0Nig.56N +1.73 ) [26]
690°C, 7 days in N; atm.
o Li3N on Ni foil
Liz2NigssN +1.32 . [26]
580°C, 7 days in N atm.
L84 Li3N on Ni foil 26]
. . +1.
Li1.63Nio.74N 690°C, 7 days in N, atm.
o Mixture Li;N+Ni powders
Liz0Nig.e7N +1.5 [7]

720°C 12h under N3 flux




EXPERIMENTAL AND COMPUTATIONAL DETAILS

Lithiated nitridonickelates of the solid solution Liz.,Ni\N were prepared by solid-state
synthesis in a nitrogen atmosphere from Li3N and metallic nickel powder. Due to the moisture-
sensitive nature of lithium nitride and its derivatives, all manipulations were performed in an
Ar-filled gloves box (p(H20) < 0.1 ppm, p(O2) < 0.1 ppm). Mixtures of LisN (Alfa Aesar,
99.4% metal basis) and metallic nickel powders with different Ni/Li3N molar ratios were
prepared, thoroughly ground in an agate mortar and then die pressed into a pellet (13mm
diameter). After being placed in an alumina crucible, the sample was transferred into a specially
designed stainless-steel reactor, which allowed thermal treatment at 720 °C under continuous
N> flow for 12 h. To trap possible traces of oxygen in nitrogen gas, the sample was surrounded

by crucibles filled with titanium sponge.

X-ray diffraction patterns were collected with a Panalytical X Pert Pro diffractometer using
cobalt radiation and equipped with an X’celerator rapid detector. The GSAS+EXPGui package
was used to analyze the diffraction patterns by the Rietveld method [29,30]. Powder samples

were kept under argon during the acquisition using an airtight polymer sample holder.

Quantitative analysis of nickel in as-prepared samples was performed by complexometric
titration with EDTA in basic media using Murexide as a colored indicator. The powder was
mineralized with a nitric acid solution and then the pH was adjusted to 9 by adding NH4OH
(30%) solution. In addition, the complete chemical composition was determined by ion beam
analysis (IBA), including Rutherford backscattering (RBS) and nuclear reaction analysis
(NRA). The IBA experiments were performed with a 3.03 MeV H" beam produced by the Van
de Graaf accelerator of IRAMIS/LEEL at CEA-Saclay. The spectrum was collected with an
annular detector covering backscattering angles centered around 170°. The collected spectra

were analyzed using the SImNRA software [31]. The following cross sections were used:



- Lithium: "Li(p,o)*He nuclear reaction (energy of surface a 7 478 keV, measured at Saclay)

[32], ®Li(p,po)®Li [33], "Li(p,po)’Li [34] and "Li(p,p1)’Li [35] for elastic scattering

- Nitrogen: "“N(p,po)'*N elastic scattering [36]

- Nickel: Rutherford cross sections of Ni isotopes

For the computational part, electronic calculations were performed in the framework of the
Density Functional Theory (DFT). The Li-Ni-N system has been considered in several crystal
structures depending on the composition. A complete study of the Lis.1.5:NixN compounds has
been performed in the hexagonal P6/mmm space group as described in Figure 1. The
endmember Li3N has been built by a full occupation of Li on both the 15 and 2c¢ sites. The
hypothetical LiNiN compound has been studied considering several possible symmetries (P-
6m2, P-62m [24], P63/mmc or P42/ mmc [37]). Schematic representations and cell parameters
are summarized in S.I.1 and 2 respectively. Disordered structures were generated for the Ni-
substituted in the P6/mmm space group using the Special Quasi-random Structure (SQS)
method [38]. The cluster expansion formalism as implemented in the MCSQS algorithm
provided in the Alloy-Theoretic Automated Toolkit (ATAT), was considered for the SQS cell
generation [39]. According to the y-Ni valence considered on (Li")3..,,(N#).N*, the supercells
were modelled by substituting Li/Ni and Li/vacancy at 15 and 2c sites respectively. For a given
cell size N, the atomic distribution was chosen by minimizing the difference on correlation
functions ; for a set of clusters i with those of ideal randomized structure (estimated by the root
mean square error, RMSE). In this study, the set of clusters considered was composed of the
first 8 nearest-neighbor pairs (atomic distance less than 5.2 A), the first 4 triangles (4.2 A) and
2 tetrahedra (3.8 A). By minimizing the sum of the RMSE of all considered ¢;, supercells for a

given N with a total number of atoms up to 188 were generated according to Table 2.



Table 2: Details of atomic numbers in the SQS supercell of (Li*)3.o(N#)N>",

best
N, Total Number RMSE
XNi Li Ni N Vacancies Positions ofatoms (&)

LisN 0 3 0 1 0 4 4
Li2.76Nio.16
N 0.167 132 8 48 4 192 188 0.12
Li2sNiossN  0.333 75 10 30 5 120 115 0.18
Liz2sNigsN  0.500 45 10 20 5 80 75 0.27
Li2Nig.e6N 0.667 30 10 15 5 60 55 0.35
LiNiN 1 1 1 1 0 3 3

The DFT calculations were performed using the Vienna Ab Initio Simulation Package (VASP)
[40,41] with the Generalized Gradient Approximation (GGA) and the Perdew-Burke-Ernzerhof
(PBE) functional [42]. The energy cutoff was set at 600 eV, considering the spin polarization,
and a dense grid of k-points with a spacing of less than 0.05 A was generated using the
Monkhorst-Pack procedure [43]. The internal atomic coordinates and lattice parameters were
relaxed to ensure a convergence of Hellmann-Feynman forces better than 1 meV/A, and the
total energy calculations converged to less than 0.1 meV. The density of states (DOS) was
calculated using the linear tetrahedron method with Blochl corrections on the relaxed structures.
Only the electronic contributions to the heats of formation and reaction at 0 K were considered.
The charge distribution on the atoms was analyzed using Bader’s topological analysis, which
divides space into atomic regions with minimum charge density surfaces. The Bader code
developed by Henkelman ef al. was used for this purpose [44]. In the framework of the frozen
phonons method [45], the harmonic lattice stability was estimated on supercells of ordered

structures with relevant atomic displacements generated by the Phonopy code [46].

RESULTS



A series of lithiated nitridonickelates were prepared with various Ni/LizN molar ratios between
0 and 1.1. For Ni/LisNratios higher than 1, metallic nickel was identified in the XRD diffraction
pattern, indicating an incomplete reaction of nickel powder with LisN (Figure 2). All the
obtained diffraction patterns were easily indexed using a hexagonal cell within the P6/mmm
space group. A small diffraction peak around 39° was observed, attributed to Li>O. ForR=1.1,
additional diffraction peaks at 52.2° and 91.7° clearly indicate the presence of an additional
secondary phase, metallic nickel. Thus, the maximum nickel content is reached at a molar ratio

Ni/LisN lower than 1.1.

100

Molar ratio (NRA composition)

R=11

R=1 (Liy g7Nig ggN)

Intensity (u. a.)

R=095 (Liyq,NigeN)
R=0.75 (Li,yNigsN)

R=0.56 (LiyzsNis4sN)

R=0.25 (LiygNigN)

R=0.10 (Li, ggNisooN)

UL L IR=0  (Li,,N)

30 40 50 60 70 80 90 100
20(°, CoK,)

Figure 2: XRD patterns obtained for various Ni/Li3N initial molar ratios R.

Composition determined by NRA are reported into brackets.

A continuous shift to the higher angles is observed for diffraction peaks related to the c-axis,

indicating a gradual contraction of the interlayer distance with increasing nickel content.
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Conversely, the 71k0 peaks gradually shift to the lower angles, consistent with a contraction of
the a cell parameter. These observations agreed with the solid solution behavior of this system
observed elsewhere [5,17,25]. The cell parameters were accurately determined from the XRD
patterns using the Rietveld method. Figure 3 shows an example of the refined XRD pattern of
a sample obtained after reaction of metallic nickel powder with Li3sN powder in a ratio Ni/LisN
= 0.75. These analyses confirm the substitution of lithium ions by nickel ions at site 1b.
However, due to its low atomic number, lithium is almost transparent to X-rays. Thus, XRD
methods are not suitable to refine the site occupancies within the structure. Therefore, accurate
determination of the sample is essential to plot the evolution of cell parameters with the nickel

content.
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Figure 3: XRD pattern fitted within the Rietveld method for the sample prepared with an initial
molar ratio Rni/Lisn=0.75 (composition of Li2.27Nio.54N). “+” symbols are experimental data; red
5C|”

line is the calculated pattern and blue line is the difference line. markers indicate the

diffraction peaks of the hexagonal cell within the P6/mmm space group.

As mentioned above, IBA methods allow the simultaneous determination of the lithium,
nitrogen, and nickel contents of the sample. The homogeneity of the sample can be checked on
the um scale. The sample prepared with a molar ratio R = 1.1 was not measured due to the
presence of unreacted nickel. An example of the IBA spectrum recorded for is shown in Figure
4a. Below 3 MeV different contributions are observed corresponding to the RBS signals of

nickel (purple line), nitrogen (blue line) and lithium (green line). The black line corresponds to

12



the sum of these three contributions. It should be compared with the experimental data plotted

by the red dots.

The two asterisked peaks at 2.17 and 2.59 MeV represent carbon and oxygen contributions
respectively. The shape of these signals, i.e., sharp small peaks, suggests the formation of a few
nanometers thick layer at the surface containing these elements and not a bulk distribution in
the sample [47]. Conversely, the edges of the nitrogen and nickel are slightly smoothed,
indicating a depletion of these elements at the surface. Both observations are the signature of
the surface degradation during the air transfer into the chamber analysis and are consistent with
the moisture sensitive nature of lithiated transition metal nitrides [48,49]. Similar observations

have been made during analyses of air sensitive graphite intercalation compounds [50,51].

a) - experimental —— simulated ——Li ——N Ni b)
520 : !
S1s) & 301 2, = 3.01(3) - 147(7) Xy
Z1.0| M : Sa R2 = 0.99
0.5 - 258 ~.
E0.0l L N
- 3 4 5 6 7 8 ~
Energy (MeV) 26 ‘.

.\.
2.4 ~

¢ v
fif y . . N { )
; N
20 | ] 221 N
[ 3 .
L ‘ 20 n
0- —— :

T T T T T : T T T T T T T T T
05 1.0 15 20 25 3.0 35 4.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Energy (MeV) x in Li,Ni,N

zin Li,Ni,N

Intensity (a.u)

Figure 4: (a) IBA spectrum of Liz27Nio.54N (RniLian=0.75) RBS part of the spectrum correspond
to the energy lower than incident energy (3.0 MeV) and NRA part to the higher energies. (b) z
in Li;NixN as a function of x in Li:NiiN. the slope of the linear regression corresponds to the

opposite of the nickel oxidation state.

Figure 4b shows the evolution of Li content as a function of Ni content, with nitrogen content

fixed at 1 for each phase. As expected, the lithium fraction gradually decreases with increasing
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nickel content, from 2.97 for the Ni-free sample to 1.97 for the nickel-richest single-phase
sample (N1 = 0.68). According to the general chemical formula Liz.,,Ni.N, the lithium content
z depends on x, the nickel content, and y, the oxidation state of the nickel ions. The linear
regression in Figure 4b indicates that the nickel ions adopt the same oxidation state under our
synthesis conditions and over the entire range of the nickel content in the solid-solution. The
slope of the linear correlation indicates an average oxidation state of 1.47(7). Thus, nickel ions

are in an intermediate valence state.

Table 3: Experimental cell parameters for Liz-1 5:NiN.

Liz.1.5:NixN (RNi/Li3N) Cell parameter (A) Ratio c/a
a c

LisN 3.656 3.872 1.06
(R=0)
Li2.86Nio.00N 3.668 3.832 1.04
(R=0.1)
Li2.688Nio.208N 3.690 3.765 1.02
(R=0.25)
Li232Nig4sN 3.725 3.641 0.98
(R=10.56)
Li2.19Nig 538N 3.739 3.589 0.96
(R=0.75)
Li2.00Nio.66N 3.756 3.541 0.94
(R=0.95)
Li1.97Nio.6sN 3.762 3.532 0.94
(R=1)
“Li1.97Nio.6sN + Ni” 3.772 3.528 0.94
(R=1.1)

Table 3 summarizes the experimental cell parameters with their composition determined by

IBA analysis. The cell parameters a and ¢ evolve linearly with the nickel content: a gradually

14



increases with the nickel content from 3.656 A for the nickel-free sample to 3.762 A for
Li1.97Nio.6sN. On the other hand, ¢ decreases linearly with increasing nickel content from 3.872
A to 3.531 A for LisN and Lijo7NigesN, respectively. These overall trends are in good
agreement with the analysis performed using the empirical Bond Valence Sum approach (S.1.3,
[52,53]). The Liz.,xNi:N cell parameters of the sample containing metallic nickel as an impurity
(R =1.1) were added for comparison. Thus, cell parameter values of the latter are very close to
those of the Li1.97Nig.esN sample (R=1), suggesting that the endmember of the solid solution

contains about 0.68 Ni per unit formula.

In parallel with the experimental investigations, theoretical calculations were carried out to
confirm the experimental results. Our first investigation was dedicated to the influence of the
transition metal valence y+ on the phase stability in the lithium nitrides (Li")3.o(M )N
substituted by Ni or Cu. The transition metal oxidation state in M was tuned by adjusting the
x composition in a SQS supercell, assuming the Li and N charges to be +1 and -3 respectively.
Thus, SQS calculations allowed the generation of supercell corresponding to a Ni-substituted
disordered structure (the same for Cu), DFT calculations gave the enthalpy of formation for
each possible valence. For Ni and Cu, 3 possible y valences, +1, +1.5 and +2, were tested in
LiyMo33N (M = Cu or Ni) and the variation of the enthalpy of formation function of the valence
are reported in Figure 5. The enthalpy of formation for both Cu and Ni has a minimum
corresponding to the optimal valence, Cu'* and Ni'*", as shown by the line drawn for the eye.
Therefore, the Cu!" valence is the most stable configuration, according to the Li3Cu,N

compositions reported in the literature [9,14 ,16 ,17].
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Figure 5 : Evolution of the enthalpy of formation as function of the valence of Ni or Cu in

Li,Mo 33N (M = Ni or Cu)

According to this first result on the Ni phase with a most stable valence at +1.5, all compounds
from the solid solution Lis.; 5xNi,N were calculated considering Ni as Ni!*. The enthalpies of
formation obtained from the DFT calculations are shown in Figure 6 as function of Ni content.
All the enthalpies of formation are negative and behave continuously in the same range around
-35 to -40 kJ mol™'. In Figure 6 the enthalpy of formation of LiNiN is also added. The resulting
value is quite different, jumping from the other values of the solid solution by a 25 kJ mol™!
step. The reported value is related to the P-6m2 structure, which was found to be the most stable
structure evaluated in this work (with the lowest enthalpy value, S.I. 2). This result suggests

that LiNiN is less stable than the intermediate valence solid solution compositions Liz.;.sxNixN.
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Figure 6: Calculated enthalpy of formation as function of the Ni content x in Liz.; 5xNi,N and

LiNiN

The calculated cell parameters of all the Ni solid solution compounds are summarized in Table
4. It can be noticed that increasing Ni content, leads to the appearance of magnetic moments in
the structure. The evolution of the Bader charges with the Ni content suggests a decrease in the
ionic character of both Li-N and Ni-N bonds: the net charge of both Li and N decreases

significantly.
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Table 4: DFT results for Liz.1.5:NixN (cell parameter, enthalpy of formation, magnetic

moment, and Bader charges).

Cell Enthalpy  Magnetic Bader Bader Bader

parameters of Moment charges charges charges

(A) formation (uB.at!)  (Li) y(N) y(Ni)

P . (kJ.mol"
Lat)
LisN 3.639 3.871 -38.45 0.0 0.796 -2.389
Li276Nio.isN  3.616  3.796 -37.23 0.042 0.736 -1.983 -0.252
Li2.sNio.33N 3.668 3.714 -37.45 0.061 0.808 -2.015 -0.012
Li2.2sNio.sN 3.680 3.625 -34.84 0.087 0.515 -1.240 0.164
Li2Nio.e7N 3.684 3.551 -34.61 0.018 0.398 -0.920 0.187
LiNiN (P- 3.637 3.415 -7.50 0.0 0.841 -1.147  0.3026
6m?2)
DISCUSSION

As described in the results section, the IBA experiments indicate that the nickel ions adopt an
intermediate valence of +1.5 throughout the solid-solution Li3,xNi:N composition range. Such
a result is consistent with the enthalpy of formation calculated for several valences y of the Lis.
y3Nig33N compositions, which has a minimum for an intermediate valence Ni'>*. This
statement is not sufficient to argue that the compound is stable with respect to other phases in
the ternary system. However, it is a strong indication that this is the more stable hypothesis and
supports the value confirmed by the literature. For comparison, the case of M = Cu was also
calculated and for this transition metal ion, the minimum corresponds to the valence =+1. Thus,
for lithiated copper nitrides, such a valence implies an absence of lithium vacancies in the 2¢
site while a fraction of the 15 site is filled by the copper ions [9,14,16,17]. Therefore, lithium
substitution by copper in the 15 site does not change the composition of the LioN™ layer. In

addition, Li" and Cu" ions have a similar ionic radius [54]. With an almost constant a value and
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a slight decrease of the ¢ parameter, it is in good agreement with the cell parameter evolutions

of the Li3.xCuxN solid solution [9].

The cell parameters obtained from XRD measurements and those calculated by DFT for the
SQS supercells as a function of the Ni content in Liz.;5:NixN are shown in Figure 7. Both
experimental and theoretical values behave similarly with a remarkable agreement for the ¢
parameter. The calculated value of ¢ for LisN, 3.871 A, is in perfect agreement with the
experimental value (3.872 A). Experimentally, the substitution of some Li* ion by Ni!** in the
15 site induces a linear decrease of the ¢ parameter, from 3.872 A for LisN to 3.762 A for
Li1.97Nio.6sN, with a slope of -0.508(9) xn:. Theoretical data replicate this trend well with a slope
of -0.484(8) xni, resulting in a negligible discrepancy for the richest calculated Ni composition,
LizNige7N, of ~0.02 A. A larger discrepancy is seen for the in-plane cell parameter a. The
computed LisN a parameter is slightly underestimated at 3.639 A compared to the experimental
value of 3.656 A. Such a small difference in the a parameter while the ¢ parameter is accurately
reproduced has already been observed previously [55]. Increasing the nickel content, and then
the lithium vacancy in the 2c¢ site, induces a gradual increase in of the a parameter. If the
experimental evolution is a clear straight line with a slope of 0.154x, the calculated values
increase with a smaller slope of 0.092x and a wider dispersion than for the c-axis parameter.
Such a dispersion may be due to the complexity of describing the random distribution of the
Ni!“" ion in the 1 site and of the vacancy in the 2c¢ site. However, the deviation is limited to
2% and there is a striking agreement between the calculations and the experimental results.
These results confirm the existence of the complete solid solution for x < 0.68 since no slope
break is observed for either cell parameter. In addition, the enthalpies of formation for the solid
solution compounds are close to those of Li3N, with a slight increase with the nickel content

(Figure 6).
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represent experimental parameters, open symbols correspond to theoretical values (DFT

calculations).

Several experimental reports claim the existence of the Ni-rich phase LiNiN [6,24,25].
However, under our synthesis conditions, this phase was not observed, even as a by-product.
As mentioned earlier in this paper, for Ni/Li3N ratios greater than 1, metallic nickel is observed
as a secondary phase in addition to Lii.97NioesN, the endmember of the solid solution.
Therefore, we have performed a computational analysis of LiNiN with the reported structure
(P-6m2 structure [24]) and with several alternative structures (space groups P-62m, P63/mmc,
or P4;/mmc). These results suggest that LiNiN is not stable. In fact, even if a negative value for

the enthalpy of formation has been found for all the hexagonal structures (the orthorhombic cell

20



proposed in [37] has a positive enthalpy of formation, S.I. 2), these values are 4 times smaller
compared to the other lamellar Li-Ni-N solid solution phases. Moreover, in contrast to the Lis-
1.5xNixN phases, the calculated cell parameters are far from the reported experimental cell
parameters (am = 3.637 A and cm = 3.415 A instead of @ = 3.74304(5) A and ¢ = 3.52542(6) A
[24]). It is worth noting that the experimental values reported in [24] are close to those obtained
from both experimental and computational values of the nickel-richest composition
Li1.98Nio6sN studied in this work. From the electrochemical performance point of view, both
LiNiN [6] and Li>Nig.7N [7] show a stable specific capacity of 200 mAh g!inthe 0 - 1.3V
potential window. Then, all these results suggest that LiNiN is not stable and decomposes into

Li>Nio67N plus Ni metal as reported by XRD measurements presented in previous sections.

. .1 Nyatm. 3 . . ,

Ll3N + 3Ni + ZNZ (gaZ) _— EL12N10.67N + 2Ni (2)
Additional phonon calculations were performed to confirm or not the stability of the LiNiN
composition. However, regardless of the structural model chosen (S.I1.4), this compound is

mechanically unstable since negative frequencies are systematically observed.

Having shown that the LiNiN compound is not stable, we can now discuss the evolution of the
electronic charge transfer in the Liz.,NixN solid solution for x < 1. Indeed, changes as a function
of the substitution rate x are observed as shown in Table 4. The Bader charge estimate of Li
starts at +0.8 for Li3N and drops to +0.4 for the x = 0.67 compound. The charge of nitrogen is
also strongly affected from -2.4 to -1. This behavior indicates a shift from ionic to covalent
bonds. According to previous study in the dilute limit (Liz-x-yMxN with x <2% and M = Co, Ni,
Cu, [56]), substituting lithium in the 15 site with Ni lowers the band gap to 0.55 eV due to the
covalent nature of the Ni-N bonds. Our preliminary studies of the calculated density of states
(DOS) of the compounds in solid solution show that the band gap of LisN cancels with larger
Ni, leading to the presence of bands at the Fermi level. As shown in (S.L.5), LisN is
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paramagnetic and has a band gap of about 1 eV, whereas all the other solid solution compounds
are magnetic. Furthermore, if there is still a band gap in one spin direction and a small
population at the Fermi level in the other direction for x = 0.33 (which is the expected
percolation threshold for a triangular lattice), the compound is fully metallic for x = 0.67.
Further work discussing the calculated electronic structure and the measured ionic conductivity

is in progress and will be presented in an additional article.
CONCLUSION

We have studied the Li-Ni-N solid solution system using IBA, XRD and DFT calculations. A
series of samples with different nickel contents were prepared from metallic nickel and lithium
nitride powders by solid state synthesis under nitrogen flow. A theoretical analysis was also
carried out using different supercells generated by the SQS approach to account for the random
distribution of both the Ni ion in the 15 site and the lithium vacancies in the 2¢ site of the LisN
type structure. Both experimental and theoretical results suggest an intermediate valence of
+1.5 for the nickel ion throughout the solid solution domain. The maximum experimentally
observed nickel content of these Liz.1.5xNixN compounds is ~0.68. Additional computational
effort has been devoted to the Ni-rich composition LiNiN reported experimentally in [6,24,25].
This study, coupled with experimental evidence such as cell parameters or electrochemical
capacity, suggests that LiNiN is not a stable and should lead to a segregation between

Li1.97Ni0.6sN and metallic nickel.
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