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Abstract: The layered ternary nitride LiNiN shows an interesting combination of fast Li* ion diffusion and
metallic behavior, properties which suggest potential applications as an electrode material in lithium ion
batteries. A detailed investigation of the structure and properties of LiNiN using powder neutron diffraction,
ab initio calculations, SQUID magnetometry, and solid-state NMR is described. Variable-temperature neutron
diffraction demonstrates that LiNiN forms a variant of the parent LisN structure in which Li* ion vacancies
are ordered within the [LiN] planes and with Ni exclusively occupying interlayer positions (at 280 K:
hexagonal space group P6m2, a = 3.74304(5) A, ¢ = 3.52542(6) A, Z = 1). Calculations suggest that
LiNiN is a one-dimensional metal, as a result of the mixed - and o-bonding interactions between Ni and
N along the c-axis. Solid-state “Li NMR spectra are consistent with both fast Li* motion and metallic behavior.

Introduction in which the transition metal atoms substitute at the interplanar
Lithium nitridometallates have attracted significant interest Li(1) site in the parent LN structure® The high substitution

recently because of their unusual structures and electronic/€V€! & =1)in ;iD“N suggests that Ni completely replaces Li
properties, complemented by their promising electrochemical O the Li(1) site} and this has important implications for the

performance. The potential of lithium nitridometallates as anode &/€Ctronic and ion-Fran§r[])70_rt properties. The variation with
materials in rechargeable lithium batteries has been demon-t€mperature of the wide-linéi NMR spectrum of LiNiN differs

strated, and capacity values in the range-7800 mA h g significantly from that observed for the parenglNj suggesting

are reported2 Therefore, a more detailed understanding of the that Li™ ion diffusion is quite different in these two materials

fundamental properties of these materials is desirable, particu-d€SPite the similarity in their structures. It should be noted,
larly with a view to improving their electrochemical character- NOWeVer, that for the disorderedsLi—yCuN phases even the
istics. highest values o result in wide-line’Li NMR spectra which

: . 5
The layered nitridometallate LiNiNs particularly interesting are.allmost identical to those forgN. o .
because it contains a high number of inhererit @cancies, LiNiN can be compared with other ternary nitrides which
as well as infinite, straight![NiN2s]~ chains which are contain straight 1D NiN chains, leading to low coordination

expected to promote one-dimensional (1D) electronic properties.nrmbers an(?j Iow-sp|r_1 states f_or NI, lzs v(\j/ell_ as |_nter%st|ng
We reported a preliminary study of tiion diffusion in this electronic and magnetic properties. CaNad LsSisNiaNs,

; : o : . .
material recently. Structurally, LiNiN is related to the disor-  [OF €xample, Con?a"t[N'NZ’z chains with formal Ni* ions
dered phases i, yMN (M = Cu, Ni, Co;y = Li* vacancy) in a & configuration, such that the chain is one electron short

of filling the d—p bands. This configuration might be expected

lUniversity of Nottingham. to promote anti-ferromagnetic interactions along the chains and
Universita Wien. ihi ; ; ; il ;
SCNRS .~ ENSC Rennes. to exhibit spin Peierls instability, leading to superstructure
“DNOtt'ngham Trent University. (4) Stoeva, Z.; Gomez, R.; Gordon, A. G.; Allan, M.; Gregory, D. H.; Hix, G.
Materials Design s.a.r.|. B.; Titman, J. J.J. Am. Chem. So@004 126, 4066.
# University of Glasgow. (5) (a) Sachsze, W.; Juza, R.&norg. Allg. Chem1949 259, 278. (b) Niewa,
(1) Nishijima, M.; Kagohashi, T.; Imanishi, M.; Takeda, Y.; Yamamoto, O.; R.; Huang, Z.-L.; Schnelle, W.; Hu, Z.; Kniep, R. Znorg. Allg. Chem
Kondo, S.Solid State lonic4996 83, 107. 2003 629, 1778.
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formation. Of the nitrides containing’[NiN]2~ chains,
CaNiN is the most studied. Perhaps unexpectedly, CaNiN is
metallic, and no anomalies in the resistivity and magnetic
susceptibility have been observédhe electronic structure of

CaNiN has been studied a number of times since the discovery

of the nitridonickelaté-12 The initial DFT calculations at-
tributed the absence of distortions to 2D and 3D interchain
coupling and a low likelihood of Fermi surface-driven charge
density wave (CDW) or spin density wave (SDW) instabilifies.

moisture-sensitive samples were sealed in custom-designed sample
holders during data collection. Phase purity was examined from 2-h
scans over the rang€-5100° 260 in Bragg—Brentano geometry. The
experimental patterns were compared to a calculated pattern derived
from single-crystal structural data using the PowderCell 2.3 pacKage.
The reaction as described above leads to high-purity bulk samples of
LiNiN. Rietveld refinements of the PXD data were carried out using
the General Structure Analysis System (GSA&) data collected over

12-h scans at ambient temperature. Refinements using the single-crystal
structural model gave good profile fits. However, given the weak X-ray

Subsequent studies acknowledge the more than peripherakcattering of Li, different models for Livacancy distribution could

significance of Ca interactions with thE{NiN 252~ chains in
suppressing such instabilitiés!? There are perhaps two
important distinctions between CaNiN and LiNiN which may
influence the electronic structure and behavior of the lithium
compound. First, formal electron counting suggests the formula-
tion LiNi(I)N, although the charge balance may be achieved
by the formation of holes in bands dominated by N states as
proposed for Li-xCoN compounds$2 Second, by contrast to
CaNiN, all the 2[NiN 22" chains in LiNiN are parallel, and

not be tested accurately. Additionally, the PXD data suffered from
strong preferred orientation effects which were evident from the changes
of the relative intensities for different scans of the same sample.
Therefore, the refinements of the PXD data are not discussed further
here. PXD was, however, routinely used to verify the purity of the
samples before and after other measurements.

Powder Neutron Diffraction. Time-of-flight (TOF) PND data were
collected using the high-intensity diffractometer POLARIS at the ISIS
spallation source in the Rutherford Appleton Laboratory. Variable-
temperature data were collected to coincide with the temperature range

none are spatially separated by a layer of electropositive atomsof the “Li solid-state NMR measurements (see below). The powder

(ions).

The preliminary evidence for fascinating electronic properties
combined with fast LT ion diffusion prompted us to carry out
a more detailed investigation. Powder neutron diffraction (PND)
has allowed us to make more definitive conclusions about the
structure of LiNiN, particularly in terms of nickel substitution
levels and the distribution of Lfivacancies. The structural study

sample €1 g) was containedni a 6 mm diameter, thin-walled,
cylindrical vanadium sample can. The can was loaded in a nitrogen-
filled glove box and sealed with an indium gasket prior to transfer to
a helium cryostat (AS Scientific Instruments, Abingdon). Neutron
diffraction data were collected at 100, 200, and 280 K using the three
fixed detector banks consisting of eithitte gas tubes aR260= 35°
and[20= 145°, and ZnS scintillator ai20(= 90°. The temperatures

of the samples were monitored using a RhFe sensor attached to the

clarifies the subtle differences between LiNiN and the disordered outside wall of the vanadium sample cans. Rietveld refinement against
Lis—x—yNixN phases and presents us with the starting point for PND data was performed using GSASData from all three detector

our density functional theory (DFT) calculations of the band banks were used simultaneously in the final least-squares cycles for
structure. These calculations combined with new results from each refinement. Peak shapes were modeled using the type-3 profile

magic angle spinningLi NMR support the postulated 1D
metallic behavior of LiNiN.

Experimental Section

Synthesis.The binary compound EN was synthesized by reaction
of molten Li—Na alloy with dried nitrogen at 45¢C for 3—4 days®

function in GSAS which is a convolution of back-to-back exponentials
with a pseudo-Voigt function. The background was modeled using an
exponential expansion function (background function 6 in GSAS) which
accounts for contributions at both low and high PND data
refinements were started by fitting the background coefficients, scale
factor, lattice parameters, and peak shapes and subsequently introduced
atomic parameters and absorption factors. After the refinements had

Na is used as an inert solvent in the reaction and was subsequentlystabilized, thermal coefficients were varied anisotropically. No impurity

removed by vacuum distillation at 46@50°C for 24 h. The product,
a highly crystalline red-purple powder, was identified agNLusing
powder X-ray diffraction (ICDD PDF database Card No. 30-759).
LiNiN was prepared by reaction of 4\ with nickel foil which was
reduced before use in 20%;Ml, gas for 24 h at 600C. For this
reaction, L§N powder is placed in the Ni foil tube, which is then sealed

phases were detected in the PND data. The vanadium sample can and
the vacuum windows in the cryostat yielded a group of reflections that
were excluded from the refinements. These excluded regions did not
contain reflections arising from the compound under study.

Ab Initio Calculations. Initial ab initio DFT*®*Tcalculations of the
LiNiN band structure used the full-potential linearized augmented-plane-

in a reaction vessel under nitrogen at ambient pressure and heated ajyave (FLAPW) method®-2° adopting an exchange and correlation

730-750 °C for 7 days** Under these conditions, iN reacts with
the surface of the nickel foil, forming a green-black/gold layer of highly
crystalline powder with metallic luster. This layer can be easily removed
from the surface of the foil and subsequently characterized. All starting
materials and products were handled in a nitrogen-filled recirculating
glovebox (Saffron Scientific; @< 1 ppm, HO < 5 ppm).

Powder X-ray Diffraction. Initially, the products of the reaction
were examined by powder X-ray diffraction (PXD) using a Philips
XPERT (—260) diffractometer with Cu K radiation. The air- and

(9) Massidda, S.; Pickett, W. E.; Posternak,Riys. Re. B: Condens. Matter
Mater. Phys.1991, 44, 1258.
(10) Mattheis, L. F.Phys. Re. B: Condens. Matter Mater. Phy4993 47,
8224.

(11) Green, M. T.; Hughbanks, Tnorg. Chem 1993 32, 5611.

(12) Springborg, M.; Albers, R. @hys. Re. B: Condens. Matter Mater. Phys.
2004 69, 235115.

(13) (a) Suzuki, S.; Shodai, T.; Yamaki, J. Phys. Chem. Solids998 59,
331. (b) Shodai, T.; Sakurai, Y.; Suzuki, $olid State lonic4999 122
85.

potential by Hedin and Lundqvidt?? The lattice parameters were set

to the values obtained from PND at 280 K (see below), and the muffin-
tin radii were fixed to values of 0.7978 A, 0.8780 A, and 0.8848 A for
Li, Ni, and N, respectively. For theexpansion for the potential and
the electron densities within the muffin-tin spheres terms up=to8

were considered. Plane waves for the construction of the wave functions
in the interstitial were included up to a length for the corresponding

(14) Nolze, G.; Kraus, WPowder Diffr. 1998 13, 256.

(15) Larson, A. C.; von Dreele, R. B. The General Structure Analysis System,
Los Alamos National Laboratories, Report LAUR 086-748; LANL: Los
Alamos, NM, 2000.

) Hohenberg, P.; Kohn, WRhys. Re. 1964 136, 864.

) Kohn, W.; Sham, L. JPhys. Re. 1965 140, 1133.

) Koelling, D. D.; Arbman, G. OJ. Phys. F: Met. Physl975 5, 2041.

) Wimmer, E.; Krakauer, H.; Weinert, M.; Freeman, A.Phys. Re. B:
Condens. Matter Mater. Phy4981, 24, 864.
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vector of 4.0 (in units of 2/a), corresponding te-320 basis functions
per unit cell or per formula unit. For the self-consistency procedure a
19 x 19 x 19 Monkhorst and Pack meShwas used for the valence
states, while the higher-lying Ni core states (3s and 3p) as well as the

Li 1s states were treated as band states in a second energy window

using a 9x 9 x 9 Monkhorst and Pack mesh (corresponding to 400
and 60k points, respectively). The electric-field gradients (EFGs) were
calculated from thé = 2 component of the Coulombic potential very
close to the nuclear sites using the formalism by Héfzigd Blaha

et. al®

The Fermi surface was calculated within the MedeA computational
platforn?® making use of the integrated Vienna ab initio simulation
package (VASPj3-2° The generalized gradient approximation (GGA)
of Perdew and Wari§ for exchange and correlation was applied, and
electronic states were calculated for ax389 x 37 Monkhorst-Pack
mesh of points in reciprocal space.

Further self-consistent ab initio band structure calculations were also
performed for LiNiN with the scalar relativistic tight-binding linear
muffin-tin orbital (LMTQO) method in the atomic spheres approximation,
including the combined correctict:*¢ Within the LMTO formalism
interatomic spaces are filled with interstitial spheres, and the optimal
positions and radii of these additional “empty spheres” (ES) were

determined by the procedure described in ref 37. Three non-symmetry-

related ES with 0.62 A res < 1.41 A were introduced. The full LMTO

Table 1. Crystallographic Parameters for LiNiN from Powder
Neutron Diffraction

instrument, radiation POLARIS TOF diffractometer, neutron

sample LiNiN

temperature/K 100 200 280

crystal system hexagonal

space group P6m2

z 1

M 79.648

a-parameter/A 3.73681(6) 3.73944(6) 3.74304(5)

c-parameter/A 3.52527(7) 3.52511(7) 3.52542(6)

unit cell volume/& 42.631(1) 42.689(1) 42.775(1)

calculated density, 3.102 3.098 3.092
px/genr?

observations, 14609, 51 13439, 56 14609, 51
parameters

Ro 0.0173 0.0142 0.0164

Rup 0.0113 0.0103 0.0098

X2 2.191 1.906 1.655

and®Li MAS NMR spectra were recorded at Larmor frequencies of
116.6 and 44.2 MHz, respectively, using a Varian Infinityplus
spectrometer aha 4 mm MASprobe with a MAS rate of approximately
15 kHz. Spectra were obtained using a rotor-synchronized-guho
sequence with a/2 pulse of 2.5us. Chemical shifts are referenced
externally to aqueous LiCl.

Magnetic Susceptibility. Magnetic susceptibility measurements were

basis set consisted of 4s, 4p, and 3d functions for Ni spheres, 2s, Zp*performed on a Quantum Design MPMS XL 5T SQUID susceptometer

and 3d functions for Li and N spheres, and s, p, and d functions for
ES. The eigenvalue problem was solved using the following minimal
basis set obtained from the wdin downfolding technique: Ni 4s,
4p, 3d; N 2s, 2p; Li 2s and interstitial 1s LMTOs. Thespace
integration was performed using the tetrahedron methGtharge self-

in the temperature range-250 K, using powder samples loaded into
gelatin capsules under an inert atmosphere (nitrogen-filled glovebox).
All reported data were collected at an applied magnetic field of 1000
Oe and corrected for the diamagnetic contribution of the gelatin
capsules.

consistency and the average properties were obtained from 2656

irreduciblek points. A measure of the magnitude of the bonding was
obtained by computing the crystal orbital Hamiltonian populations
(COHP) which are the Hamiltonian population weighted density of
states (DOSY? As recommendetf, a reduced basis set in which all
ES LMTOs have been downfolded was used for the COHP calculations.
Solid-State NMR. Wide-line’Li NMR spectra of powdered LiNiN

Results

Structure Refinement. Initially, a structural model in space
group P6m2 was considered in which the Li stoichiometry is
set to 1 and the Li atoms are constrained to occupy the 1b (O,
0, 1/,) site, as determined previously from single-crystal X-ray

were recorded at temperatures between 120 and 473 K and a Larmodiffraction? Refinemgnts .employing this model, apcording to
frequency of 77.7 MHz. The home-built spectrometer used was basedthe procedure described in the Experimental Section, produced

on a Resonance Instruments MARAN DRX pulse programmer and a
4.7 T Oxford Instruments superconducting magnet. Spectra were
obtained using a solid-echo sequence wit pulses of between 1.0
and 2.0us and an echo delay of 163. Spin-lattice relaxation times

very good fits to the dataRy, ~ 1%) at each collection

temperature, and no additional reflections were observed across
the range of measured temperatures. Final crystallographic
parameters are shown in Table 1, refined structural parameters

were measured using the saturation recovery method, with a saturationj, Taple 2. and selected interatomic distances in Table 3. The

sequence of 142 pulses separated by delays of the order of 17his.

(23) Monkhorst, H. J.; Pack, J. Phys. Re. B: Condens. Matter Mater. Phys.
1976 13, 5188.

(24) Herzig, P.Theor. Chim. Actdl985 67, 323.

(25) Blaha, P.; Schwarz, K.; Herzig, Phys. Re. Lett. 1985 54, 1192.

(26) MedeA2.0, Materials Design, Le Mans, France, and Taos (NM), USA,
http://www.materialsdesign.com.

(27) Kresse, G.; Furthiiller, J. Phys. Re. B: Condens. Matter Mater. Phys.
1996 54, 11169.

(28) Kresse, G.; Furthifler, J. Computat. Mater. Scil996 6, 15.

(29) Kresse, G.; Joubert, Phys. Re. B: Condens. Matter Mater. Phy$999
59, 1758.

(30) Wang, Y.; Perdew, J. Phys. Re. B: Condens. Matter Mater. Phy$991,
44, 13298.

(31) Andersen, O. KPhys. Re. B: Condens. Matter Mater. Phy4975 12,
3060

(32) Andersen, O. KEurophys. New4981, 12, 4.

(33) Andersen, O. K. IThe Electronic Structure Of Complex SysteRiwariseau,
P., Temmerman, W. M., Eds.; Plenum Publishing Corporation, New York,
1984.

(34) Andersen, O. K.; Jepsen, Bhys. Re. Lett. 1984 53, 2571.

(35) Andersen, O. K.; Jepsen, O.; Sob, MHIectronic Band Structure and Its
Applicationy Yussouf, M., Ed.; Springer-Verlag: Berlin, 1986.

(36) Skriver, H. L.The LMTO MethodSpringer-Verlag: Berlin, 1984,

(37) Jepsen, O.; Andersen, O. K. Phys. B1995 97, 35.

(38) Blochl, P. E.; Jepsen, O.; Andersen, O.Rhys. Re. B: Condens. Matter
Mater. Phys.1994 49, 16223.

(39) Dronskowski, R.; Blohl, P. E.J. Phys. Chem1993 97, 8617.

(40) Jepsen, O.; Andersen, O. K. Personal communication.
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structure from PND data is shown in Figure 1, and representative
examples of profile fits are shown in Figure 2. Additional
models in the same space group were considered and tested,
but these produced higher residuals and goodness of fit values
and/or physically unrealistic refined parameters. For example,
relaxing the constraint on Li stoichiometry, resulted in 1b site
occupancies greater than unity at each of the measured tem-
peratures. Similarly, relaxing the stiochiometry constraint and
allowing Li occupancy for both the 1b and the fth(%/3, /,)
sites in the [LiN] plane to vary freely led to either negative site
occupancies or negative thermal parameters. A model in which
the Li stoichiometry was constrained to 1 and the fractional
occupancies of both the above Li sites were allowed to vary,
led to instabilities, lack of convergence and occupancies for the
1b and 1d sites greater and less than unity and zero, respectively.
Electronic Structure from ab Initio DFT Calculations.
Figure 3 shows the band structure for LiNiN obtained using
the FLAPW method as described in the Experimental Section,
as well as the total DOS and the most important local partial
DOS components. As expected from a structural model which



Structure and Electronic Properties of LiNiN ARTICLES

Table 2. Refined Atomic Parameters for LiNiN from Powder Neutron Diffraction

site Li (0,0, 1/2) (1b) Ni (2/3, 113, 0) (Le) N (213, 113, 112) (1f
TIK 100 200 280 100 200 280 100 200 280
100x Uy;/ A2 0.4(2) 0.7(2) 0.5(2) 3.5(1) 2.33(7) 2.61(9) 2.6(1) 3.9(1) 3.8(1)
100 x Ugs/ A2 5.1(4) 5.3(5) 4.8(4) 1.25(8) 0.66(9) 0.8(2) 0.30(5) 0.8(2) 0.7(2)
100x U,/ A2 0.18(8) 0.4(1) 0.27(9) 1.72(6) 1.17(4) 1.31(5) 1.28(5) 1.97(5) 1.88(6)
Table 3. Selected Interatomic Distances Obtained from Rietveld a T T 1 T
Refinements Al j |
TIK Ni=N /A Li-N/ A Ni-Ni/ A Li-Ni /A 2
100 1.7626(1)x 2 2.1575(1)x 3 3.7368(1)x 6 2.7859(1)x 6 %, ol [ ]
200 1.7626(1)x 2 2.1590(1)x 3 3.7395(1)x 6 2.7871(1)x 6 £ ! !
280 1.7627(1)x 2 2.1610(1)x 3 3.7430(1)x 6 2.7888(1)x 6 P T A i
c | W |
é = s M ienss
(a) (b)
®Ni . e - ——
| g 1 | | 1
: 1.0 2.0 3.0 4.0
d - spacing / A
'V//Nl | _‘___‘_. b I I ' ]
i . - ol i .
“ b | Li 2 {
y & - 2k ZI’ .
n o .
=T i
£ o il UL E
Figure 1. (a) Crystal structure of LiNiN at 280 K. Blue circles (within g T [ esione
polyhedra) show the N atoms, red circles represent Li, and purple circles
show Ni. (b) Coordination environment around N in LiNiN. Thermal L —_ . .
ellipsoids are drawn at the 50% probability level. © |
e
might not suggest significant interchain interactions, the bands §_ ! i
are rather flat, except in directions parallel to thaxis of the ' o 78 30
Brillouin zone where they cross the Fermi level. This indicates d - spacing / A
that LINiIN exhibits a very anisotropic electronic conductivity. C T . T T T
The band between aboutl4 and—12.8 eV is dominated by ol i |
N 2s states with a Li 2s and 2p admixture. In the energy range & j
from about—6.2 eV to the Fermi level there is a complex of 1
bands which can be approximately divided into three regions F"‘:’L of i i 7
distinguished by their bonding characteristics—Ni dz—p, = P L 4 i
. . @ e R T k! I 5
o-bonds are found in the lowest-energy region up to around E 2 el iy WS R
—4.2 eV, with Ni=N (dy, dy)—(px py) w-interactions between 8 © =
—4.2 eV and the Fermi level, while additional Nidd.-,?) ol ot iy N
nonbonding states appear in the range betweg® and—0.6 © '
eV. Figure 4 shows the valence electron densities for LiNiN in =] [ A e S SaR s el
two planes. The density plot for the (110) plane visualizes the T | . ) ,
covalent bonds between Ni and N while weak interactions within 1.0 2.0 30 40
the Ni layers stacked along tleeaxis of the hexagonal structure d - spacing / A

are apparent from the plot in the (001) plane. The two types of

Figure 2. Observed, calculated, and difference profile plots for the Rietveld

bonding between the Ni and N atoms can be discerned in Figurel’eﬁnement of PND data for LiNiN at (a) 280, (b) 200, and (c) 100 K. Crosses

5, where the electron densities for two energy regions are given,
i.e., from~—6.2 eV to—4.2 eV showing the NiN dz—p;
o-bonds and from-4.2 eV to the onset of the Ni {gdkz—\?)
peak at roughly—2.2 eV showing the NiN (dxz0yz)—(Px.py)
m-bonds.

Crystal orbital Hamiltonian populations (COHP) computed
for different contacts in LiNiN obtained using the TB-LMTO-
ASA program are shown in Figure 6. Integrated COHP (ICOHP)
values of —0.41 and—0.03 Ry/cell were obtained for the
shortest Ni-N and Li—N contacts, respectively. It should be
noted that Nit-Ni interchain ICOHP absolute values lower than
0.01 Ry/cell were calculated. These results corroborate the

show the observed data points, solid lines represent the calculated diffraction
patterns, and tick marks represent the calculated positions of the reflections.
Bragg reflections from the vanadium in the cryostat vacuum windows and
the sample can are excluded from the refinements. The data shown are
from detectors at 2 = [90°[]
primarily 1D nature of the electronic structure of LiNiN,
suggested by the FLAPW calculations. Assuming a rigid band
model, the Ni-N COHP curve suggests that lengthening of the
Ni—N contact within the chain is foreseen upon reduction of
the chains. This comes from theNi—N antibonding character
of the band that crosses the Fermi level.

The Fermi surface of LiNiN is shown in Figure 7. As already
indicated by the band structure, three bands contribute to the

J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007 1915
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Figure 3. Band structure (a) and DOS per Rydberg per formula unit (b) =
for LiNiN. In (b) the local partial DOS components are: s blackiga, g, 5 i i i g i g i
py green, ¢ cyan, 4 dy; blue, dy, dey orange. Note the different scales 7 4 5 Z 3 2 1 ¢ P 2
of partial and total DOS components. E-E, [eV]
F

Figure 4. Valence electron densities for LINiN: (a) (110) plane through
Li (upper right), Ni (lower left), N (lower right); (b) (001) plane through
Ni atoms. A logarithmic grid of contour lines has been used=( x2'3,

X = 0.0002 e A3).

Figure 6. Li—N (solid) and NN (dotted) COHP curves calculated for
LiNiN.

to thec-axis. The exceptional topology of the Fermi surface of
LiNiN suggests anisotropic electrical conductivity.

Further information on electronic structure and bonding can
be obtained from the electric-field gradient (EFG). For its
calculation a proper description of the higher-lying core states
(“semicore”) is essential. Calculated EFG values can be split
into the contribution of the sphere around the respective atoms
(“sphere contribution”) and the remainder of the crystal lattice.
The sphere contribution can be further separated irkd
contributions, of which only sd, pp, and dd are important, if f
electrons do not play a role.

For LiNiN the EFG tensors for all three atoms have been
calculated. Since all the atoms occupy sites with26D3n)
symmetry, there is no asymmetry parameter and the EFG tensor
is fully defined by just one numbeW{,). The total values and

Fermi surface, and hence to electrical conductivity. Band 8 the sphere and most importaritlike contributions (including
contributes the narrow pocket close to the H point, while most the semicore pp contribution for Ni) are given in Table 4. For
of the surface is determined by bands 9 and 10. In the bandLiNiN the principal axes corresponding to thg, components
structure of Figure 3a these bands are cut by the Fermi energyare always oriented in direction of tiseaxis, and since negative

in directions parallel to the-axis, specificallyi’—A, M—L, and
K—H. They are only degenerate along fheA axis, and away

EFG components indicate strong interactions with neighboring
atoms, the results can be interpreted as follows. The strongest

from this symmetry line they form parallel sheets perpendicular Li interactions are within thab plane and are directed toward
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Figure 8. Variable-temperature wide-linti spectra of LiNiN, recorded

Figure 7. Fermi surface of LiNiN showing band 8 in brown, band 9 in as described in the text.

green, and band 10 in red/maroon. .
constant cannot be measured directly from the spectrum.

Table 4. Total V;, Values, Sphere Contributions, and Most Between 160 and 300 K motional narrowing of the central
Important I Contributions in Units of 1020 V m™2 transition is observed, arising from diffusion of'Lin the [LiN]
Li Ni N planes. As described previoudlythe extent of motional
total 15 23.0 —63.8 narrowing suggests a correlation time for"Liiopping of 3.5
sphere 0.7 19.7 —796 us at room temperature. Although the low-temperature broaden-
BE (semicore) 0(')6_30 _2’3_01'4 :891'0 ing of the central transjtion is dipolar_in origin, the possibility
dd 0.0 325.0 —04 exists that the satellites are additionally broadened by a
distribution of quadrupolar couplings resulting from variations
in EFG. Above 28 K a single pair of satellites with a splitting
the N atoms while for N they are oriented in thedirection of approximately 40 kHz starts to emerge without any further
toward the Ni atoms. The situation for Ni is more complicated. significant narrowing of the central transition. These satellites
The large negative pp contribution originates from—Ni do not show the expected Pake line shape for a powder sample,

interactions in thee direction and the similarly large positive  whereas the splitting is about one-half of that expected from
dd contribution from Ni-Ni interactions in the (001) plane. The  the calculated EFG, even including the 15% uncertainty noted
semicore pp contribution is not directly influenced by the atomic above. This could suggest that these satellites result from a
neighbors, but only indirectly by the polarizing effect of the partial averaging of the low-temperature EFG distribution due
valence electrons on the semicore states and usually carries thep the diffusion of the LT ions in the [LiN] plane, since the
opposite sign of the valence-electron contribution. The fact that measured room-temperature hopping time is short enough to
the pp component for Ni is about as large as the dd componentachieve this. We note that the spectra vary with temperature in
(although the p contribution to the DOS is much smaller than a similar fashion to the “universal” behavior observed previ-
the d contribution) is due to the slower increase of the 3d wave ously*2 for LISICON and phosphate Li superionic conductors,
function near the nucleus compared to the 4p wave function. although in those cases Pake-type lineshapes with reduced
Solid-State NMR. Variable-temperature wide-lin&i spectra quadrupolar coupling constants indicative of a specific aniso-
of LiNiN were discussed briefly in our previous communication  tropic motion were observed at high temperatures.
and are shown in Figure 8. Since the quadrupole moment of 7Li MAS spectra are shown in Figure 9 for temperatures of
"Liis relatively small, the single Li site expected from thém2 298 K (9a) and 153 K (9b), as well asfhi MAS spectrum
space group should result in a narrow central line, flanked by (9c¢) recorded at room temperature. All spectra were recorded
a single pair of first-order powder-broadened satellite lines. The at a MAS rate of 15 kHz and are referenced externally to
value of the EFG€0) of 1.5 x 10°°V m~2 obtained from the  aqueous LiCl. A spectral range of 2000 ppm was chosen in
density functional calculations described above, together with each case, such that the corresponding frequency ranges are 233
a’Li quadrupole momeni@) of —40.1x 1073t m24 suggests  kHz for (9a) and (9b) and 88 kHz for (9c). In paramagnetic
that the quadrupolar coupling constay = e2qQ/h should be solids the MAS centerband frequency and the sideband intensi-
145 kHz. An uncertainty in this calculated value of no more ties can depend on the hyperfine interaction between nuclear
than 15% is expected by comparison with the success of similarspins and electronic momerffsThe isotropic Fermi contact
calculations for the parent 4N.25 However, at low temperatures  interaction with s-state unpaired electrons results in a shift in
the spectrum for LiNiN is dipolar broadened to the extent that the MAS centerband frequency which depends on the hyperfine
the quadrupolar satellites are lost in the baseline and the couplingcoupling constant and the magnetic susceptibility of the

(41) PyykKg P.Mol. Phys.2001, 99, 1617. (42) Bertermann, R.; Mier-Warmuth, W.Z. Naturforsch.1998 53a, 863.
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(c) Figure 10. Molar susceptibility as a function of temperature for LiNiN.

The solid line shows the fit to eq 2.

* expected for a metallic compound. A small Cur@eiss
contribution is observed at temperatures below 50 K, and so
the magnetic susceptibility can therefore be described by a

1000 500 0 500 1000 modified Curie-Weiss (G-W) law
ppm c
Figure 9. 7Li MAS NMR spectra recorded as described in the text at (a) =y + M 2)
298 K and (b) 153 K, along with the corresponding room temperatiire Im=" 20 T—0
MAS NMR spectrum. Note that a constant ppm range has been chosen,
and that the asterisk indicates a single MAS sideband in (c). where M is the molar susceptibilityggo is a temperature-

independent ternCy is the molar Curie constant, aifds the
Weiss constant. Fitting of the magnetic susceptibility data to
eq 2 yielded the following best-fit parameterg; = 6.126(6)

x 1073 emu mot?l, Cy = 0.0158(5) emu mott K, and 6 =
—9.1(5) K. The value of the effective magnetic moment for Ni
atom, uef = 0.36 ug, suggests the formation of a delocalized
in(itinerant) spin system typical for metallic compounds. No
evidence of a magnetic ordering transition was observed in the

electrons. Anisotropic dipolar interactions with unpaired elec-
trons in non s-states contribute to the MAS sidebands and, in
cases where the electrorgdensor is also anisotropic, result in
an additional isotropic “pseudocontact” sHiffThe temperature
variation of the dominant Fermi contact interaction results
directly from that of the susceptibility, such that Curl/eiss
paramagnetism leads to a temperature-dependent shift.
metallic systems Pauli paramagnetism is associated with a : X
(largely) temperature-independent susceptibility, resulting in a 9at&, in agreement with PND data over the temperature range
temperature-independent Fermi contact shift, often called the Studied. The relatively small-©W component might arise from
Knight shift. A comparison of a and b of Figure 9 shows that 10c@l defects in the structure where, for example, Li atoms
the resonance frequency of the center band is essentially®CCUPY the interplanar Li(1) site and disrupt the continuity of

independent of temperature, shifting fron2 ppm at 153 Kto e i[NiN%/Z]ThainS- Similar small, localized Ni moments are
—4 ppm at 298 K, relative to aqueous LiCl. The centerband obselrved in CaNiN where no substitutional discontinuities in
frequency foreLi is identical, as expected. This small Knight the «[NiN2;2*~ chains are expected, but where point defects
shift is consistent with the band structure calculations describedhave been suggestéd CaNiN samples in both previous
above which indicate that the Li s-state partial DOS in the region €XPerimental studies also contained Ni impurities. No impurity
of the Fermi level is small, and hence, it provides further phases were observed in LiNiN samples within the detection
evidence for the metallic nature of LiNiN. Note that our previous limits of PND.
report of a temperature-independent 30 ppm shift was less The Weiss constant shows a relatively small deviation from
accurate due to the slower MAS rate used in those experiments Z€r0 in contrast to results obtained for the disordered compounds
For7Li an extensive spinning sideband manifold is observed at Lis-x-yNixN, where much larger negative values were reported
both temperatures, whereas féri at room temperature the ~ at high Ni substitution levels (e.gx = 0.85;6 = —85 K).
spinning sidebands are almost completely absent. This strikingThese negative values were attributed to anti-ferromagnetic
difference suggests that the sidebands in (a) and (b) are largelyeXchange interactions between the transition metal o8.
quadrupolar in origin, since the quadrupole momengLafis contrast, the valge of the Weiss constant for L.|I.\I|N,.coupled
some 50 times smaller than that ftsi. 4! Dipolar interactions, ~ With lack of evidence for a magnetic transition in both
including those associated with paramagnetism mentioned susceptibility and PND data, implies the absence of strong anti-
above, would not scale so dramatically, since the magnetogyricl_‘erro_magnetic interactions and any long-range magnetic ordering
ratio of 6Li is only 2.6 times smaller than that faLi. in this compound.

Magnetic Susceptibility MeasurementsAs shown in Figure  piscussion
10 the magnetic susceptibility of LiNIN shows only a small

temperature dependence, suggesting the Pauli paramagnetism The structure of LiNiN der?ved from PND data is_ essentially
in very close agreement with the model from single-crystal

(43) Gee, B.; Horne, C. R.; Cairns, E. J.; Reimer, JJAPhys. Chem. B998
102 10142. (45) Shamoto, S.; Kato, T.; Ohoyama, K.; Ohashi, M.; Yamaguchi, Y.; Kajitani,
(44) Nayeem, A.; Yesinowski, J. B. Chem. Phys1988 89, 460. T. J. Phys. Chem Solids999 60, 1157.
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X-ray diffraction and is described fully in ref 3. The models
derived from both diffraction techniques describe layered
structures derived from N that differ primarily from the parent
compound first in the composition of the metal layer (Ni vs Li)
and second in the location and distribution of lithium in the
[Li —N] plane (50% of the lithium content found in the p]
planes of LiN is present in the [LiN] planes in LiNiN, and

only small (but significant) shifts in the M K-edge from the
elemental metals to bix—yMN.° Further, the PND model
describes a structure in which nickel atoms from neighboring
chains are separated by 3.75 A. Given that CaNiN and the title
compound share some structural aspects, it is interesting to
compare their electronic structure. A strong 1D character to the
electronic properties of CaNiN has been demonstrated by

alkali metal vacancies are ordered on three-coordinate 1dSpringborg et al> However, interaction of the calcium atoms

positions within the planeresulting in a lowering of symmetry
from P6/mmmto P6m2). The complete substitution of Ni for
Li at the interplanar Li(1) site, as verified by the PND model,
creates continuous, infinite, straigfNiN 2]~ chains along
the c-direction which begin to form at lower substitution levels
in the disordered relatives 4-ix_yNi,N.84647 This structure is

with the Ni—N chains in CaNiN is not solely ionic but also
contains a significant covalent component. This confers some
“pseudo-three-dimensional” properties to the electronic structure
of CaNiN. Such a contribution from the lithium atoms is not
so straightforward in LiNiN since the alkali metal contribution
to the occupied bands is very small. The increased-Ni

retained over the temperature range investigated. Although theredistances in LiNiN compared to those in CaNiN (3.5809 A
is an overall unit cell volume increase from 100 to 280 K as between parallel:[NiN ]2~ chains, 3.5048 A between per-
expected, it is interesting to note that anisotropic negative pendicular L[NiN2]2~ chains) might suggest the absence of
thermal expansion appears to be exhibited in the [001] direction significant electronic interactions between the individual chains,
from 100 to 200 K (with a commensurate apparent decrease inyet DFT calculations illustrate that, just as in the calcium
the Ni—N bond length with increasing temperature). Statistically, compound, these long-distance interactions play a small but

the c-parameter is constant from 100 to 200 K @).6and
increases slightly from 200 to 280 K (3¢ This, to some
extent, mirrors the situation in $N where thec-parameter
remains almost invariant between 10 and 88& Kdditional
data for LiNiN would need to be collected at lower and
intermediate temperatures to clarify the extent of this effect.
The Li—N and Ni—N bond distances at 280 K (listed in Table
3) are similar to those reported at 297 K in the original X-ray
study® Two-coordinate Ni-N units form with bond lengths
closely matching those found in other linegfNiN 22"
chains, e.g., 1.790 A in CaNMand 1.773 A and 1.778 A in
LisSrNisN48 The reduced interplanar distance in LiNiN over
LisN confirms previous observations of contraction as Ni
progressively replaces Li in the Li(1) position. The premise that
the Ni—N bond length is reduced vs £N as a result of

significant role in the electronic structural configuration of the

nitridonickelate and may be pivotal in the determination of

electronic properties. In this context, it is also notable that, just
as no evidence of magnetic ordering or CDW instabilities was
observed here in LiNiN, neither were any long-range effects
observed in a recent study of CaNtN.

The PND model for LiNiN also permits some further
comparison of the structural features of the ordered compound
with the disordered phasessLi—yNixN (0 < x < 0.8) and
associated implications for the transport properties in these
materials. The increased occupancy of the interplanar site by
Ni in LiNiN over the Liz—x-yNixN compounds leads to the
formation of continuoust[NiN 5]~ chains of increased cova-
lent character cf. L[(Li,Ni)N 22"~ and a reduction inc-
parameter in LiINiN compared to LidNig7dN, for examplet®

increased covalency is corroborated by our band structure andLikewise, the 1[NiN;]~ chains in LiNiN lead to metallic

electron density calculations which show significant N-2f
3d s-interactions. The degree of NN covalency has implica-
tions for the classification of LiNiN as a formal Ni(ll) compound

behavior, which is first evidenced i~ 0.8 materials, which
is the composition proposed to be near the semiconducting-
metal transitior?? Li* vacancies are disordered within the

despite the empirical evidence from bond valence (BV) calcula- [Li,,N] planes in the Li_x—yMN (M = Co—Cu) compounds,

tions? taken for distances here just as in the original X-ray
study. Valence sums for the PND 280 K model yield values of
Li: 0.7, Ni: 1.9, N: —2.6. Of note is the low positive valence

and from the large anisotropic thermal parameters found in these
materials, L would appear to be mobil&:#750Additionally,
the disordered phasedi-yCuN shows diffusion coefficients

for Li and the higher than expected sum for N. Similar values and relaxation times which are comparable to those of the parent
are calculated for 5N and ostensibly suggest incomplete charge compound LiN.#® By contrast to the nitridocuprate andshi
transfer. Although since BV values are empirical in origin and itself, the ordered compound LiNiN shows less pronounced
calculated oxidation states can differ significantly from those anisotropy in the thermal parameters and a reduced diffusion
derived theoretically, there is some agreement between BV andcoefficient at ambient temperature from NMR results, despite

FLAPW descriptions of bonding. The latter DFT methods
illustrate that there is evidence for+N bonding in the energy
region of tre N s band {£13—14 eV belowEf) and also~2—4

exhibiting a lower activation energy for tiintraplanar diffu-
sion# The PND data for LiNiN provide a model of the long-
range structure that implies that'Lpopulates only the 1b site

eV belowEr. These interactions are also noticeable in the DOS and that the vacant 1d site is not occupied. However, the
(Figure 3b). Arguments from EELS measurements have also apparent broadening of the satellites in the low-temperature

been proposed for biy—yCoN materials that N is oxidized with
increasingy®® and previous XAS results for bix-yMxN (M=
Ni, Cu) for varyingx (and likely very small values of) indicate

(46) Gregory, D. H.; O’'Meara, P. M.; Gordon, A. G.; Hodges, J. P.; Short, S.;
Jorgensen, J. OChem. Mater2002 14, 2063.

(47) Stoeva, Z.; Smith, R. |.; Gregory, D. l€hem. Mater2006 18, 313.

(48) Zucker, U. H.; Schulz, HActa Crystallogr.1982 A38, 568.

(49) Brese, N. E.; O'Keeffe, MActa Crystallogr.1991, B47, 192.

NMR spectra suggest local structural disorder in addition to
the ionic motion in [LiN] planes indicated by the line narrowing
at higher temperatures. From the combination of models,
therefore, one might envisage (a) diffusion of lions between

1b sites, although the tLi distance is now significantly

(50) Gordon, A. G.; Smith, R. I; Wilson, C.; Stoeva, Z.; Gregory, D Ghem.
Commun2004 2812.
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increased compared to that insNi (3.74 Avs 2.11 A) and no  the appearance of metallic properties as manifested by the
Li* vacancies are indicated on the 1b site by PND or (b) the predominantly Pauli-type paramagnetic behavior observed
hopping of Li* ions from one occupied 1b site to the next via experimentally. The Fermi level is primarily dominated by
the vacant 1d site (now effectively an interstitial). We are contributions from nickel d levels and nitrogen p orbitals, and
currently investigating the entire 4.ix—,Ni,N series (0= x = lithium states make no significant contribution to the DOS at
0.8;x=1,y=1) to develop a more cohesive understanding of the Fermi level. The absence of a significant shift in the

the evolution of LT ion-transport behavior and structure with  MAS NMR resonance line is in accord with the metallic nature
x. Effectively, one might control the degree of ionic and of the material and again confirms that lithium makes little or
electronic conductivity through synthesis conditions (and thus 4 contribution to the DOS & This evidence for metallic

in turnx andy)*” and perhaps also by judicious tuning of relative properties, in addition to the observation of fast' Lion

:Euleretallhc suptstlyu%ntt:]eve(;s (déele((;jtrdqn cgncegtritl_gns) (:n diffusion, suggests that LiNiN is a promising candidate for
€ Interplanar site in both ordered and disordered nitridometa- application as an anode material in lithium ion batteries.

lates. Such studies with quaternary and higher compounds are
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Our structural investigation of the ternary nitride LiNiN using
PND confirms that this compound has an ordered structure
which is derived from the well-established structurexeifisN.
Ordering results from the preferred occupation of the 1b (0, O,
1/,) site by the lithium atoms in LiNiN in contrast te-Li3N
where lithium atoms 98% occupy th¥y %/, 0) site (in space
group P6/mmn). The nickel atoms only occupy the interlayer
le @/3, Y3, 0) site in LiNiN resulting in the formation of infinite
straight L[NiN ]~ chains with no evidence of electronically
driven distortions. The first-principle DFT calculations confirm
the premise that the nickehitrogen chains are responsible for JA063208E

Supporting Information Available: Simulation of’Li MAS-
NMR spectrum for LiNiN. This material is available free of
charge via the Internet at http://pubs.acs.org.
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