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Antifluorite-type lithium chromium oxide nitrides were prepared by solid-state reaction of LisN, Li,O, and Cr,N.
Depending on the reaction time and starting Li/Cr and O/Cr ratios, either an ordered or a disordered phase (or
mixtures of both) is obtained. The formation of the former is favored by short reaction times and low Cr/O ratios
whereas the formation of the latter is favored by higher Cr/O ratios and longer reaction times. The two phases
were characterized, and the first one was confirmed to be the already reported Li4Cr,NgO phase, whereas the
stoichiometry of the second is Li;qCrN4O,. Interestingly, even if both contain cationic vacancies in the structure,
electrochemical lithium intercalation could only be achieved for Li;oCrN,4O,. This phase exhibits a reversible capacity
of 160 mAh/g very stable upon cycling. Bond valence and first-principles DFT calculations were carried out to
understand the absence of lithium insertion in Li;4CroNgO. Li-Li repulsion and destabilization of the tetrahedral
CrN,4 units induced by occupation of the potential sites, as well as the absence of energetically favorable pathways
for transport of the ions to these sites, are suggested to be the reasons.

Introduction have allowed workers in the field to broadly divide the first-

Nitride chemistry, though still in its infancy when com- W transition metals into two families: metals from Ti to
pared to oxide chemistry, has evolved substantially over the Fe forming antifluorit_e-type _ternar_y _Iithium nitrid_es; elements
past 10 years. Progress in synthetic and characterizationfrom Co to Cu forming lithium nitride-type solid solutions

methods together with developments in the handling of air- (Lis~M,N). Further research has shown that Fe and Mn

i 15 1 i -
sensitive compounds have led to considerable advances,bGIong to both categori€s.™ The interest in these com

especially in the field of complex nitrides. As a result, the pounds is not purely fundamental, as good performance has

number of new compounds has increased and this haSbeen obtained when testing them as electrode materials in

allowed the establishment of some specific trends or clas-“t.hlurn batteries. Prewous_vyork in this field showed t.hat
sifications in these materials, as discussed in recent revidws. L'_M__N compoundg exhibit very .good electr()lg:r11§22|cal
The exhaustive research work of Juza in the 1950s was thepropertles, with the highest capacities fogLM.N™

basis of modern complex nitride chemistry. He conducted () juza, RAdv. Inorg. Chem. Radiochem 966 9, 81—131.
systematic research in diverse nitride families, such as lithium (7) Sachsze, W.; Juza, . Anorg. Chem1949 259, 279-290.
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attaining 900 mAh/g for LisCoy.4N,?? while antifluorite-type
compounds such as JeN, and LiMnN, exhibit respec-
tively 250 and 300 mAh/g82425The main disadvantage of the “disordered antifluorite” solid-solution [(+ n)/5]Lig-
lithium transition metal nitrides is their air sensitivity, which  CrNs-nLi,O described by Juza, we became interested in the
makes them difficult to handle during processing. Our synthesis of both phases. As our ultimate goal was to test
original approach was based on the study of oxide nitrides the electrochemical lithium intercalation/deintercalation abil-
instead of nitrides, with the aim of decreasing air sensitivity. ity of these compounds, we decided to use a synthetic path
This resulted in the first lithium manganese oxide nitride similar to that described by Juza to obtain a higher amount

fact that this compound is an ordered antifluorite containing
vacancies and that no further investigations were made on

LizoMnNs_yOy (y ~ 1.7) 2 with an electrochemical perfor-

(ca. 1 g) of powder samples. The results obtained indicate

mance comparable to that of the ternary parent manganeséhat the L=Cr—N—O system is more versatile than our

nitride?” but higher chemical stabilit$2 As an extension of
these studies, we focused on the investigation of other Li

previously studied L-Mn—N—O system, as slight changes
in the synthesis conditions allow the preparation of either a

M—N—O systems. Among these, we became interested indisordered phase (14CrN4O;) or an ordered phase (4

some already reported compounds with=MCr. Juza was
once more the first to investigate the systéand proposed
the existence of a lithium chromium ternary nitridgCiNs

CrNgO). Even though both exhibit cationic vacancies in the
structure, lithium intercalation was only feasible fordi
CrN4O,. The reasons for this were investigated by both bond

(although he was not able to prepare it without some degreevalence and first-principles DFT calculations.

of oxygen contamination) and a solid solution between it
and LpO. Two phases with XRD patterns matchingCiNs
and [(1 — n)/5]LioCrNs-nLi,O described by Juza were
reported by Barker et al., to form by corrosion during the
chemical interaction of dissolved nitrogen in liquid lithium
with type-316 stainless steel containé&& The latter phase
was reported with stoichiometry dGrNs-4.5Li,0, although,

Experimental Section

Samples were prepared from.ch g of apowder mixture of
LisN (>95%), CeN (>95%), and L3O (97%), all purchased from
Aldrich, that was ground on an agate mortar, pelletized, and treated
on a titanium boat at temperatures between 550 and°85fbr
5—12 h, heating and cooling rates being Z@h. The treatment

unfortunately, no thorough and conclusive chemical analyseswas made inside a tubular oven under nitrogen flow (Carburos

were reported. Gudat et & prepared the new compounds
LigMN4 (M = Cr, Mo, W) and LisCr,Ng by reaction of the
transition metals or their nitrides with adN melt under
nitrogen but found no evidence ofJarNs. Their multiple

attempts to prepare this phase resulted in single crystals of

a new oxide nitride Li,Cr,NgO. The calculated powder XRD
pattern of this compound is very similar to that reported by
Juza for LyCrNs slightly contaminated with oxygen, sug-
gesting that it really corresponds tod€Cr,NgO. Given the
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Metdicos 99.9995% additionally purified passing through a Supelco
gas purifier). Though throughout the text reference is made to the
Li:Cr and O:Cr initial ratios, the I3N:Li,O:CrN ratios can be easily
calculated as LD:CrN = 2 x O:Cr and LgN:Cr,N = (0.66 x
Li:Cr) — (1.33 x O:Cr).

All manipulations involving air-sensitive compounds were
performed in an Ar-filled glovebox.

Chromium and lithium contents were determined by atomic
absorption spectroscopy after acid hydrolysis of the sample. The
nitrogen and oxygen contents were deduced from elemental analysis
using the inert gas fusion method with a LECO TC 436 analyzer.

Powder X-ray diffraction patterns were obtained with a Rigaku
Rotaflex RU-200B rotating anode diffractometer with Cux K
radiation ¢ = 1.5418 A) in the 2 range 5-90° with a step of
0.02 and 4/min scan speed. Air- and moisture-sensitive products
were protected during XRD measurements by covering the sample
holder with a Kapton window. For more accurate data we performed
the acquisitions in an INEL curved position sensitive CPS120
powder diffractometer in a horizontal Deby8cherrer geometry
with Cu Ko, radiation ¢ = 1.540 598 A). In this case, a rotating
capillary of diameter 0.1 mm was used as a sample holder. Phase
identification was carried out using the DRXWin Progatsoupled
to the PDF database whereas cell parameters were determined using
the FullProf prograni2®

Electron diffraction was performed on a transmission electron
microscope JEOL 1210 working at 120 kV. Preparation of the
samples was carried out in an Ar-filled glovebox and involved
dispersing the powder in-hexane and depositing the solution on
a holey carbon copper grid.

Neutron diffraction measurements were performed on the instru-
ment D20 at Institute Laue Langevin (Grenoble, France) at room
temperature witii = 2.42 A in the @ range 16-140° with a step
of 0.1° (see additional data in Table 1), after loading the sample in

(32) (a) Primo, VPowder Diffr.1999 14, 70-73. (b) Rodiguez-Carvajal,
J. Physica B1993 192, 55-69.
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Table 1. Details of the Rietveld Refinement of 14Cr,NgO against
D20 Neutron Powder Diffraction Data at 300 K

cryst system rhombohedral
space group P3

a(h) 5.8332(2)

c(A) 8.2793(5)

V (A3) 243.97(2)

z 1

temp (K) 300

specimen mounting vanadium can
specimen shape cylinder
specimen size (mm) & 10

radiatn type neutron
wavelength (A) 2.42

20 range (deg) 16140

260 increment (deg) 0.1

instrument D20, ILL, Grenobfé
detectors PSD (microstrip gas chambeér)

impurity phase fractions (%) 30.23(13):N; 4.32(4) CgN;
1.20(1) LpO

40.5-42.5; 48.0-50.0; 54.4-57.9;
83.5-85.5; 103.0-106.0

excluded regions @ deg)

R, 0.0193
Rup 0.0287
Reragg 0.0156
2 7.50
no. of Bragg reflcns 83
no. of params refined 17
against Bragg intensities
tot. no. of params in 43
Rietveld refinement
computer program FullProf.2k

profile function
profile params

pseudo-Voigt (ETA-variable)
U=1.11(2),V = —0.69(3),W=0.232(8),
X=-0.0018(4),Yy =0, ETA=0.41(3)

an hermetic vanadium sample holder inside an argon-filled glove-
box. No color changes indicative of decomposition were observed
in the sample after data acquisition.

Electrochemical lithium intercalation/deintercalation tests were
performed in two-electrode Swagelok cells using lithium foil
(Aldrich 99.9%) as counter electrode. The working electrode

Cabana et al.

density approximation to DFT and, in particular, the functional of
Perdew and Zungé¥.Only the valence electrons are considered
in the calculation, with the core being replaced by norm-conserving
scalar relativistic pseudopotentials factorized in the Kleinman
Bylander form3839 We have used a split-valence doulgldasis

set including polarization orbitals for all atoms, as obtained with
an energy shift of 250 me¥L The integrals of the self-consistent
terms of the Kohr-Sham Hamiltonian are obtained with the help
of a regular real space grid in which the electron density is projected.
The grid spacing is determined by the maximum kinetic energy of
the plane waves that can be represented in that grid. In this work,
we used a cutoff of 150 Ry. The Brillouin zone was sampled using
a grid of (5x 5 x 5) k-points#! We have checked that the results
are well converged with respect to the real space grid, the BZ
sampling, and the range of the atomic orbitals. Geometry optimiza-
tions were carried out without imposing any geometric constrain
(including the cell constants). The correction for the basis set
superposition error was taken into account in the estimation of the
stabilization energies/lithium site.

The real-space energy landscape for a hypothetical additional
Li* has been roughly assessed by means of simple calculations of
bond valences,;-x = exp[(Ro — R.i-x)/b], where the choice of
the empirical parametei®, andb ensures that (for well-defined
reference structures) the sWALi) over the bond valences for all
interactions of a LT to its neighboring anions X matches the formal
valence (oxidation stat&.ma(Li) = 1 valence unit. Bond valence
calculations are widely used in crystal chemical consideration,
because of their simplicity and applicability to inorganic compounds
with ionic, covalent, or intermediate types of bonding. For a variety
of solid electrolytes it had been shown previously that isosurfaces
of constant bond valence sum mismatt¥t = |Viorma — V| for the
mobile ion (effective catiofrranion interactions) together with hard
sphere exclusion radiiy (cation—cation interactions) yield ap-
proximate visualizations of potential sites and pathways for the
mobile ions*>43 This application of the bond valence approach

consisted of a powder mixture of the lithium chromium oxide nitride requires that the shape of the effective interaction is adapted to the
with 15% SuperP carbon black (kindly supplied by MMM, Brussels, softness of the interacting particles and that the summation includes
Belgium). Two sheets of Whatman GF/D borosilicate glass fiber all significant contributions (as discussed in detail in ref 44). The

soaked wih 1 M LiPFs were used as a separator and the cells were
tested using a MacPile potentiostat (Bio-logic, Grenoble, France)
in galvanostatic mode usually at C/10 rate (equivalent to the
insertion of 0.1 mol of lithium atoms/mol of compound in 1 h). In
the case of LisCroNgO, much slower rates were also tested but no
intercalation was observed.

In situ X-ray diffraction (XRD) experiments were carried out in
a Scintag PAD V with Cu I& radiation ¢ = 1.5418 A). The
product constituted the active material of the working electrode of
a specially designed cell, equipped with a beryllium windéhat

parameter sets that we used in this work<0, Ry = 1.1745 A,
b=0.590 A, cutoff radius 6.0 A; N, Ry= 1.1543 A b = 0.631

A, cutoff radius 6.5 A) moreover take into account the partial
equilibration of the anion softnesses in oxide nitrides (cf. ref 45).
A straightforward application of this formalism with the usual
exclusion radii (1.31 A for M= Li, 1.21 A for M = Cr) would

just confirm that there is no space for an additional equilibrium
Li* site. To assess the energetic disadvantage of possible interstitial
sites, we replaced the exclusion radii by a penalty function for
slightly too short catiorrcation distance® ;v that includes a

was cycled in galvanostatic mode at C/10 rate, while successiveweighting for the (formal) chargesof the interacting cations:

X-ray diffraction patterns were taken eye? h in the @ range
30-60°.

Computational Details. The first-principles calculations were
carried out using numerical atomic orbitals DFT appro#éhThis
method, developed relatively recently, is designed for efficient
calculations in large systems and implemented in the SIESTA
code?®® The use of atomic orbitals instead of plane waves greatly

facilitates a chemical analysis of the results. We have used the local

(33) Morcrette, M.; Chabre, Y.; Vaughan, G.; Amatucci, G.; Leriche, J.-
B.; Patoux, S.; Masquelier, C.; Tarascon, J.Biectrochim. Act&2002
47, 3137-3149.

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

(35) Kohn, W.; Sham, L. JPhys. Re. 1965 140, 1133.
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(36) Soler, J. M.; Artacho, E.; Gale, J. D.; GacA\.; Junquera, J.; Ordejp
P.; Sachez-Portal, DJ. Phys.: Condens. Matt€2002 14, 2745
2779.

(37) Perdew, J. P.; Zunger, Rhys. Re. B 1981, 23, 5048-5079.

(38) Troullier, N.; Martins, J. LPhys. Re. B 1991 43, 1993-2006.

(39) Kleinman, L.; Bylander, D. MPhys. Re. Lett.1982 48, 1425-1428.

(40) Artacho, E.; Sachez-Portal, D.; Ordéjg P.; Gar@, A.; Soler, J. M.
Phys. Status Solidi B999 215, 809-817.

(41) Monkhorst, H. J.; Pack, J. lPhys. Re. B 1976 13, 5188-5192.

(42) Garrett, J. D.; Greedan, J. E.; Faggiani, R.; Carbotte, S.; Brown, |. D.
J. Solid State Chen1982 42.

(43) Adams, SSolid State lonic200Q 136-137, 1351-1361.

(44) Adams, SActa Crystallogr., Sect. B001, 57, 278-287.

(45) Adams, SsoftBV, Universitd Gottingen: Gitingen, Germany, 2003;
http://kristall.uni-mki.gwdg.de/softBV/ (accessed July 2004).
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AVer = Viormal — Zﬁ_i—x| +
fz;z{min[0 AR\ — (r; + rM)]}2 1

As there is no universal conversion factor between the scales of

energy and valence units (vu), the scaling fadter 0.5 vu/A » 850°C, 12h
chosen in this case is only a crude estimate that ensures that both D Li/Cr=12
attractive and repulsive terms significantly contributeAtdes; for 0/Cr=2
the equilibrium structure. Values afVq« were calculated for each L D
site of a three-dimensional grid of hypothetical additional Li W) R (e)
positions covering the entire unit cell (grid distance ca. 0.1 A). 850°C. 12h
Isosurfaces of constamiVes and local optimizations oAVe then LiCra10

0/Cr=1

permit one to identify the local minima in the energy landscape
for an additional Li.

(d)

Results and Discussion

SITY (Arbitrary Units)

SynthesesEven though the synthesis of lithium ternary
nitrides using the classical solid-state reaction may seemz
relatively straightforward, there are some factors that com-
plicate the preparation of these materials. Indeed, the partial2Z
loss of LN and LpO through volatilization during the
synthesis makes the Li/Cr ratio in the final product difficult
to predict, especially considering that the degree of lithium
loss obviously depends on reaction temperature and time.
In addition, the nitrogen content in the final product is higher
than in the reaction mixture, some nitrogen gas being reduced
to nitride to compensate for the oxidation of the transition

TE

metal (chromium in this case). i i i i i i (a)
With this in mind, we decided to perform some test 15 25 35 45 55 65 75 85
reactions varying reaction temperature and time as well as 2Theta (Degrees)

Li/Cr and O/Cr ratios in the starting mixture. Tests WEr€ Figure 1. X-ray diffraction patterns of mixtures of i, Li;O, and CsN
made at temperatures in the range 5880°C and reaction in diverse ratios treated at 85C for the times indicated. The resulting

times between 5 and 12 h, with Li/Cr and O/Cr molar ratios products are mixtures of the ordered4dr,NgO phase (O) and a disordered
phase (D) in diverse amounts depending mainly on reaction time and O/Cr

in the ranges +12 and 0.52, respectwe_lly._ Reaction starting ratio. Both the ordered phase and disordered phases can be obtained
temperatures below 85T always resulted in incomplete  pure using Li/Cr= 12, O/Cr= 0.5,t = 6 h and Li/Cr= 12, O/Cr= 2, t

reaction, even for long reaction times. For this reason, most= 12 h, respectively.

tests with diverse Li/Cr and O/Cr ratios were carried out at

850 °C. XRD patterns on selected samples are shown in reaction times resulted in higher amounts of the disordered
Figure 1. The high background level observed @t<230° antifluorite phase (see Figure 1c and 1le). HighesOLi
and the large shoulder centered ét2 26° (marked with contents also favor higher amounts of the disordered phase
an asterisk) are due to the Kapton foil used to protect the (see Figure 1b and 1d), consistent with the fact that this phase
samples during XRD measurements. XRD patterns on has a higher oxygen content, as was shown later. Hence,
products of syntheses performed at 880did not show any  the ordered Li,Cr.NgO phase was obtained as the major
evidence of unreacted starting products, only of the oxide phase only for low O/Cr ratios and appeared to be pure when
nitride described by Gudat et al.kCr,NgO (PDF card no. prepared at 850C for 6 h with Li/Cr= 12 and O/Cr= 0.5
791125) plus a disordered antifluorite-type compound close (see Figure 1f). Nevertheless, due to the above-mentioned
to LigCrNs-4.5Li,0 (PDF card no. 370499) with slightly peak overlap, the presence of a certain amount of disordered
different cell parameter (4.70 instead of 4.72 A). The phase impurity was difficult to rule out before electron
interpretation of the patterns is not straightforward due to diffraction experiments were carried out. The effect of the
the fact that the ordered phase is an antifluorite-type Li/Cr ratio is less straightforward and does not seem to have
superstructure, with some peaks overlapping with those ofa strong influence on the relative amounts of ordered/
the simple antifluorite disordered phase (e.g. (111) and (220)disordered phase, which seems to be controlled almost
peaks of L§CrNs+4.5Li,O centered at 32.8 and Sbverlap uniquely by the O/Cr ratio. Even though the final Li/Cr ratio
with (111) and (300) peaks of LiCrNgO, respectively). is different for both phases, the optimum Li/Cr starting ratio
However, changing the reaction time and ratio of starting seems to be always around 12, lower ratios invariably
products clearly changed the relative amounts of both phasegesulting in some GN impurities. This is certainly due to
(see Figure 1), due to the fact that the phases have differenthe fact that the degree of lithium volatilization is also
composition. For the same Li/Cr and O/Cr ratios, higher dependent on the composition of the initial reaction mixture.

Inorganic Chemistry, Vol. 43, No. 22, 2004 7053
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' ' ' ' parameter for the disordered phase we observe are in the
range 4.69(134.71(1) A, not significantly different from
those reported by Juza (4-72.73) A. Hence, we observe
(220) the same trend as him; i.e., the cell parameter of the
disordered phase decreases with increasing the percentage
of Li,O in the reaction mixture, and the degree of variation
is also in agreement. Barker et al. propose the existence of
the compound LgCrNs-4.5Li,0 (close to Juza’'sy = 0.5)
prepared at 710C for 24 h starting from LN and CgOs,
although they did not succeed in preparing it as a pure phase
However, they report a cell parameter of 4.72 A, much higher
(311) (400) than the value of ca. 4.67 A reported by Juzaric= 0.5;
_,JLL_ o | N this is probably due to the lower synthesis temperature
= - 2 > resulting in lower loss of lithium through volatilization and,
30 40 50 60 70 80 90 hence, a much higher real lithium content of the sample. As
20() the existence of CrNs is not proved, the solid solution
Figure 2. X-ray diffraction pattern of LigcCrN4O; indexed accordingtoa  obtained might be better described mkisCrNg-nLiZO.
cubic Fm3m antifluorite cell. The cell parameter &= 4.70465(9) A. However, given the fact that all the attempts carried out to
prepare LiCrN,4 by solid-state reaction under diverse condi-
The results discussed above were the first indication, prior tions were unsuccessful, this description should still be
to confirmation by electron and neutron diffraction studies, considered a mere formalism.
that we had been able to obtain the orderedd;NsO phase
reported by Gudat et al. in powder form and, hence, in large
amounts suitable for testing its electrochemical properties
versus lithium.

(111) I

Intensity (a.u.)

Characterization of the Disordered Phase Chromium
and lithium contents in this phase were found to be 31.9-
(3)% and 23.5(2)%, respectively, which is consistent with a

Concerning the disordered antifluorite phase, it can be Li/Cr molar ratio Qf 10.17(18). Unfortunately, no reliable
obtained pure from a reaction mixture with Li/€r12 and Va'“‘?s for the mtrqgen af_‘d oxygen contents could be
OICr = 2 molar ratios, treated at 85 for 12 h (Figure obtalne_d. TGA expenments in oxidizing atmosphere res_u_lted
1e). Our results are relatively consistent with the pioneering always in amorphou§ final proQucts Qf unknown composition,
work of Juza, who studied the same system starting from and the hot extraction tgchnlque yielded values of 22.59-
“Li CrNs” and Li,O, treating them at 800C for 24-48 h (4)% and 12.6(4)% for nitrogen and oxygen, respectively,
and proposed the existence of a solid solution{(@)/5]Lic- ~ Which are both too low (the sum of all the percentages
CrNenLi,O for at least < n < 0.5. We believe that he did  accounts only for 91% of matter). This is due to the intrinsic
not observe the ordered {4CroNgO phase due to too |0ng error of this technique when comparable and relatively hlgh
reaction times. We explored a much narrower region of the amounts of nitrogen and oxygen are present in the sample.
phase diagram, and only some of the reactant ratios we testedHowever, an empirical formula can be proposed on the basis
fall near the same linen(= 0.17 andn = 0.1 are close to  of the fact that when the sample reacts with water, the
Li/Cr = 9.5-10 and O/Cr= 0.5-1). The values of the cell  evolution of ammonia together with the formation of GtO

Figure 3. Electron diffraction patterns of LiCrN4O, along the indicated zone axis. The reconstruction ot the reciprocal lattice indidateseatinction
symbol (consistent with the propos€&t3m antifluorite cell) and a cell parameter close to 4.7 A.
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@ unit in the compound deduced from the proposed formula.
The process is highly reversible, as can be seen from the
evolution of the electrochemical capacity upon cycling
1 (Figure 4b). The capacity loss observed in the first cycle is
due to the irreversible reaction of lithium with the SP carbon
used as an additive for the preparation of the electrode. The
capacity loss upon further cycling is only 1% between cycles
2 and 65. Even though the capacity values are only moderate
1 and that practical application of this compound as electrode
material in lithium ion batteries is impossible due to the high
0 ! ! ! ! ! toxicity of chromium, the results indicate that the transition
10 1025 105 1075 11 1125 115 metal oxide nitrides are promising materials for this applica-
xinLi CtN O, tion.
The lithium intercalation process was followed by in situ
®) 200 X-ray diffraction (see Figure 5a). A gradual displacement
5 ] ? 3 ? f of the position of the peaks toward lowep Z/alues is
150 g e e observed (see Figure 5b), with gradual increase of the cell
i 3 3 3 5 5 parameter (Figure 5c), which is indicative of a single-phase
reduction process with concomitant formation of a solid
solution that could be formulated as;§ixCrN4O.. The less
B pronounced variation of the cell parameter during the first
: : i : ; 3 stage of lithium intercalation is due to the fact that in this
L ‘ . : region thex scale is fictitious, as a part of the lithium ions
are consumed by irreversible reaction with the SP carbon
Cydle number present in the electrode. Globally, the cell parameter increases

Figure 4. (a) Voltage composition profile between 1.8dad V vs Lit/ ; ; ;
Li%for an electrode containing 1dCrN4O,. The compound intercalates about up to 4.72 A at the end of reduction with a concomitant

one lithium atom/formula unit. The process is highly reversible, as can be increase of 3.8% in the volume of the unit cell.
seen from (b) the evolution of capacity upon cycling. The capacity loss on  Characterization of Li14Cr,NgO. Even though the powder

thebfirst cycdle is du?j to the i&rg_v_ersi_blehreaction of Iithil;mhwit? the dSP X-ray diffraction pattern of the “ordered” phase was coin-
carbon used as conducting additive in the preparation of the electrode. cident Wlth that Of the PDF card no. 791125, Corresponding
to the structure of the single crystal of;kCr,NgO reported

ions is observed, a fact that indicates clearly the presence Ofby Gudat et al., we performed a more complete characteriza-
Cr(VI) in the sample? tion to confirm that it was effectively the same compound

Hence, the formula LiCrN,Os-15 can be proposed for byt in powder form. Nitrogen content was found to be 33.5%
the compound, and it would present-5x cationic vacancies  (+0.4), comparing well with the theoretical value of 34.0%.
in the structure. On the other hand, assuming that the nitrogenThermogravimetic analysis in oxidizing atmosphere showed
and oxygen content are higher than the values obtained froma weight uptake of ca. 20%, but unfortunately the formation
the analyses, 4.2 x > 3.6 and thus the approximate formula  of amorphous compounds prevented the determination of the
of the compound is LCrN4O. with a O/Cr ratio of 2, the  final products of the reaction and, therefore, no estimation
same as in the starting products mixture used for its synthesisof the oxygen content could be made.

Thus, the compound would present one cationic vacancy/  Electron Diffraction. Even though the crystals were
formula unit. observed to decompose after long exposure times, we were
As has been already shown, the X-ray powder diffraction able to perform electron diffraction that served to (i) confirm
pattern of LicCrN4O; is consistent with a simple cubic the homogeneity of the samples and (ii) reconstruct the

antifluorite type cell with a cell parameter af= 4.70465- reciprocal lattice and deduce tRe-- extinction symbol and
(9) A (see Figure 2). This has been confirmed by electron approximate cell parameters € 5.8 A andc = 8.3 A) (see
diffraction, as the extinction symbol deduced after recon- Figure 6). These results are consistent with B8space
struction of the reciprocal lattice~(--) is consistent with  group anda = 5.79 A andc = 8.26 A cell parameters
the Fm3m space group (see Figure 3). This confirms that determined by Gudat et al. for 4CrNgO.
both chromium/lithium and nitrogen/oxygen are disordered  Neutron Powder Diffraction. The structure of LiCr,NsO
in the tetrahedral and cubic positions of the network, reported by Gudat et al. was used as starting point for the
respectively. Rietveld refinement of this structure against neutron powder
Lithium Intercalation. Lithium intercalation tests were  diffraction data. The calculated pattern provided an im-
performed by reducing LiCrN4O, to 0 V vs Li*/Li° using mediately promising fit to the experimental data. However,
lithium metal as counter electrode. The results indicate that before the structure could be refined, it was necessary to
the compound does indeed intercalate about one lithiumaccount for a number of crystalline impurities in the larger
atom/formula unit (see Figure 4a), which is consistent with amount of powder sample prepared for neutron diffraction.
the presence of one cationic vacancy (of ENd)/formula The well-known structures of BN, Cr,N, and L,O were

V vs Li'/Li (Volts)

g

W
(=}

Capacity (mAb/g)
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Figure 5. (a) X-ray diffraction patterns taken in situ during the reduction @§CiN4O.. Nominal lithium content is indicated. (b) Zoom of the evolution
of the 220 peak. (c) Evolution of the cell parameter.

all included as impurities with fixed atomic positions, a interpretation of the bonding. Bond lengths and angles
global isotropic atomic displacement parameter, and apresented in Table 3 illustrate the regular tetrahedral
common, simple peak profile function. Six minor peaks due coordination of Cr by N and the less regular tetrahedral
to a further, unknown impurity were excluded from the coordination of Li by N and O (note that, in Table 7 of Gudat
refinement (see Figure 7). This phase is still under study, et al., the labels of Li2 and Li3 are inverted).
and though we have not yet succeeded in isolating it, we Lithium Intercalation Tests. Li;4Cr,NsO contains cationic
are certain that it does not contain any transition metal. vacancies and chromium in its highest oxidation state, but
Atomic positions and isotropic atomic displacement param- to our surprise, we were not able to intercalate any additional
eters could then be refined for LCrLNgO. Refinement of lithium in the structure dowrotO V vs Li*/Li° (even at very
atomic site occupancies did not lead to statistically significant slow test rates) and no changes were observed in the powder
deviations from stoichiometry. The possibility of O/N X-ray diffraction patterns of the phase during the test. On
disorder was checked by introducing oxygen in nitrogen the other hand, even though chromium cannot be further
position or vice versa. In both cases the occupation convergedoxidized, we performed some lithium extraction tests that
to zero, indicating that oxygen and nitrogen are fully ordered yielded a long irreversible plateau at about 2.2 V certainly
in the structure. Refinement details are presented in Tableassociated with the decomposition of the sample. Powder
1, and the observed and final calculated patterns are shownX-ray diffraction patterns taken along the plateau show the
in Figure 7. progressive disappearance of peaks corresponding;fo Li
The final Rietveld-refined structure of LCrNgO is Cr:NgO without the appearance of any crystalline decom-
shown in Figure 8. Details are presented in Table 2. position products.
Deviations from the starting structure (Table 6 of Gudat et  Bond Valence and Density Functional CalculationsThe
al.) are small and probably due to the lithium high absorption calculated density of states (DOS) for the optimized structure
coefficient of neutron radiation, and they do not change the of Li;4Cr.NgO as well as the projected DOS onto the Cr, N,
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Figure 6. Electron diffraction patterns along the (a) [001], (b) [100], and
(c) [112] zone axis, taken on the ordered43r,NsO phase. The reconstruc-
tion of the reciprocal lattice allowed us to deduce fre extinction symbol
and approximate cell parametess< 5.8 A andc = 8.3 A).

Figure 7. Neutron powder diffraction pattern collected on D26 2.52

A) at 300 K (small circles) showing the final Rietveld-refined fit (solid
line), with difference pattern below. The top row of peak markers refers to
the ordered LisCroNgO phase. Subsequent rows of peak markers refer to
the impurities LiN, Cr;N, and LpO. Excluded regions contain peaks due
to an unknown Li-O—N phase.

Figure 8. Structure of LisCr.NgO Rietveld-refined from neutron powder
diffraction data. Unit cell axes are labeled.

and O 2s levels. Note that there is an energy gap at the Fermi
level (e = 0 in Figure 9) in agreement with the semiconduct-
ing character of the compound. As it will be of importance
later, it is worth mentioning that the two peaks associated
with the lowest lying empty levels are both chromium and
nitrogen in character and the relative areas of the two peaks
reflect the two over three splitting of the chromium d levels

Li, and O sites are reported in Figure 9. Not shown in this in a tetrahedral field. In agreement with the strong mixing
figure are the low-lying DOS peaks associated with the N between the Cr and N orbitals (see the relative contributions
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Table 2. Crystal Structure Data for LiCroNgO? As Rietveld Refined

against D20 Neutron Powder Diffraction Data at 300 K 12 Total
X (a) y (b) z () 100U (A?) 8
Li(1) 0.923(3) 0.311(3) 0.0956(14) 1.39(4) 4
Li(2) 0.375(5) 0.337(5) 0.4286(19) 1.39(4) ,/\/
Li(3) 0 0 0.239(7) 1.39(4) 0 =L
cr 1/3 2/3 0.252(2) 0.5(2) 12 Li
N(1) 0.0626(7) 0.6927(7) 0.1652(6) 3.17(13)
N(2) 1/3 2/3 0.4619(11) 1.8(2) 8
o 0 0 1/2 1.5(5) 4
ap3(No. 147);a = 5.8332(2),c = 8.2793(5) A;Z = 1; R, = 0.0193, .
Rup = 0.0287,Raragy = 0.0156;%2 = 7.50. 3 0 TNV A
212 Cr
@)
Table 3. Bond Lengths and Angles for 1iCr.NsO As Rietveld g 8
Refined against D20 Neutron Powder Diffraction Data at 300 K © 4
length (A) angle (deg) S . M(\/\ /\ A
Li(1)—N(2) 2.036(15) N(21)-Li(1)—N(1) 86.3(7) o N
Li(1)—N(1) 2.17(2) N(1)-Li(1)—N(1) 137.9(7) 12
Li(1)—N(1) 2.068(16)  N(1yLi(1)—N(1) 107.3(6) 8
Li(1)—N(2) 2.161(12) N(21)-Li(1)—N(1) 109.7(8)
N(1)—Li(1)—N(1) 103.0(7) 4
N(1)-Li(1)-N(1)  106.5(6) N /\
Li(2)—N(1) 2.242(17) N(21)-Li(2)—N(2) 86.6(9) 0
Li(2)—N(2) 2.08(3) N(1)-Li(2)—N(2) 130.6(11) 12 o
Li(2)—N(2) 1.93(3) N(2)-Li(2)—N(2) 117.3(12)
Li(2)—0 2.17(3) N(1)-Li(2)—0 101.6(9) 8
N(2)—Li(2)—O 105.6(11) 4
N(2)-Li(2)—0 110.9(12)
3 x Li(3)—N(1)  2.092(18)  N(1)}Li(3)—N(1) 111.8(7) 0
Li(3)—0 2.16(6) N(1)-Li(3)—0 107.0(17) 6 4 2 0 2 4 6
3 x Cr—N(1) 1.808(8) N(1)-Cr—N(1) 105.4(5) Energy (eV)
Cr—N(2) 1.741(19) N(1)}-Cr—N(2) 113.3(8) Figure 9. Total and projected density of states (Li, Cr, N, and O sites)

for the optimized structure of LiCr,NgO. The Fermi level is aé = 0.

to these two peaks in Figure 9 and the splitting of ap-
proximately 2 eV between the two peaks), the overlap rather high bond valence mismatches. According to subse-
populations for the CrN bonds are large and positive quent localAVer optimizations, the least unfavorable of these
(+0.385) denoting a strong €N covalent bonding. With  sites is “Li(4)” atx = 1/3,y = 2/3,z= 0.710, with a slightly
these results in mind one could formally consider this system distorted tetrahedral N environment and &V = 0.86
as being mostly ionic and built from tetrahedral [G]#, vu (AV = 0.18 vu). In this case the major contributions to
Li*, and G~ subunits. However, there is a quite sizable AVeg originate from the repulsive interaction with three Li-
participation of the lithium orbitals in the filled portion of  (2) at a distance of 2.1 A and one Li(4) at a distance of 2.2
the DOS (note that the lithium atoms participate in the A. The center of the octahedral void formed by 6 N(1) atoms
bonding mostly through the s levels only) which leads to constitutes the second local minimum, “Li(5)", at=y =
nonnegligible positive overlap populations (betweeh 100 z = 0 with a slightly higherAVes = 0.98 vu AV = 0.09
and—+0.130) for all lithium atoms with their four nitrogen  vu), due to the repulsion by four adjacent Li atoms (2 Li(1)
and/or oxygen neighbors. Even if one bears in mind the at 2.2 A, 2 Li(3) at 2.0 A). A third only weakly pronounced
possible limitations of the Mulliken analysis, this clearly minimum, “Li(6)" at x = 1/3,y = 2/3,z= 0.968, occurs for
indicates a nonnegligible covalent contribution to the-Ni the significantly higherAVes = 1.57 vu AV = 0.05 vu).
and Li—O bonding. Thus, we believe that the;lGr,NsO This local minimum ofAVe is slightly displaced from the
structure is best described as a three-dimensional networkcenter of an octahedral void (at= 0) formed by 6 N(1)
with dominantly ionic but nonnegligible covalent contribu- atoms to reduce the repulsive interaction with th&"Gon
tions to the bonding among the [C¥, Li*, and G~ at z ~ 1/4. As this further reduces the distance to 4
subunits. neighboring Li(1) to<1.7 A, a simultaneous occupation of
According to the bond valence calculations, the structure Li(6) and Li(1) is evidently impossible. Moreover, the Li(6)
of Li14Cr,NgO does not contain further tiequilibrium sites is connected to the more favorable Li(4) site via a saddle
with an effective bond valence mismatch comparable to that point atx =1/3,y = 2/3,z = 0 0.90 with aAV.x of 1.80 vu
of the three fully occupied sitex\{/err, 0.09 vu (0.06 vu) (AV = 0.13), as shown in Figure 9g. It should be noted that
for Li(1), 0.24 vu (0.05 vu) for Li(2), and 0.11 vu (0.03 vu) all three types of interstitial sites are by far energetically
for Li(3); values in parentheses referAY ignoring effects less favorable than any of the iLisites in the transport
of Li*~Li™ repulsion). Isosurfaces of constax. like those pathways of other Li solid electrolytes that we had
shown in Figure 10 indicate that the bond valence mismatchinvestigated previously. Moreover, an intercalation of ad-
landscape for a hypothetical additional*Liwithin the ditional Li* into a host crystal of LkCr,NgO requires the
structure of LisCr,NgO exhibits three local minima with  existence not only of energetically favorable interstitial sites

7058 Inorganic Chemistry, Vol. 43, No. 22, 2004



Antifluorite-Type Lithium Chromium Oxide Nitrides

Figure 11. Isosurface of constamhV(Li) = 0.085 vu in side and top
views of the structure of LiCr,NgO indicating a three-dimensional network
of pathways for Lt ions, if Li—Li repulsions can be ignored.

a crude estimate for the activation energy of thettansport
in such a hypothetical disordered compound.

According to DFT calculations on the basis of fully
optimized structures, the energy stabilization/lithium atom
associated with sites-13 is large and amounts to 4.39, 4.10,
and 4.09 eV, respectively. In contrast, it is considerably
smaller for additional lithium occupation of positions 4 (1.03
eV) and 5 (0.68 eV). Taking into account the considerable
ionic character of the structure, all these values are likely to
decrease when increasing the quality of the basis set so that
those associated with sites 4 and 5 most likely will become
very small or even negative. In the case of position 6 it was
not even possible to find a stable structure; the structure
collapsed to that found for occupation of position 4. The
values associated with positions 4 and 5, between four and
six times smaller than those for sites-3, as well as the
impossibility to find a stable structure under occupation of
site 6, clearly indicate a weak or almost nil driving force for
. . o _ occupation of these extra sites. The destabilizing effect of
Figure 10. Isosurfaces of constamtVes for potential additional L in h | | iahbori lithi .
side and top views of the structure ofidCroNgO (CrNs, tetrahedra; Li the t.OO c Osey ne'g Or'n.g ithium atoms upon QCCUpat'On
(0), dark (light) ellipsoids) for (a, bAVeir = 0.9, (c, d) 1.0, or (e, f) 1.6 of sites 4-6 is quite obvious from the calculations. For
valence units reveal three distinct types of interstitial sites (Ei(4]6)). instance, if we consider site 5 in the optimized structure for
For AVer = 1.8 vu (g), the sites Li(4) and Li(6) are connected, and for | . . f this si ith a lithi Id
AV, = 2.5 vu (h), these interstitial sites form an infinite network as required Li 14Cr2N80,.occupat|0n 0 t' '$ site with a lithium atom wou
for the transport of Li. Dashed lines indicate the unit cell in the —generate six very short HiLi contacts (2.19 A «2) and
orthohexagonal setting; in (a) and (b) the orientation of the hexagonal unit 2 24 A (x4)). These contacts are really very short. From
cell is marked by solid lines. : or e
the examination of the structures of stable lithium com-
pound4® it can be concluded that LiLi distances shorter
but also of energetically favorable pathways along which than 2.34 A are hardly possible and obviously the repulsion
the mobile ions could be transported to and among theseproblems associated with the-tLi interactions becomes
sites. The pathway model in Figure 10h suggests that asignificant for somewhat larger distances. To relieve these
transport step from one Li(4) site to the next one would repulsions the structure tries to adjust to the new lithium
require an extremely high migration barrier corresponding atom by making these contacts longer while trying to keep

to aAVer = 2.5 vu. the distances with the N (and O) atoms as short as possible.
Since the high energy levels of the interstitial sites and of In fact, in the optimized structure for lithium occupation of
the saddle points between them are mostly due teLior site 5 the Li-Li contacts are in average 0.14 A longer.
Cr—Li repulsions, the height of the migration barriers will However, these distances are still very short and provide a
be significantly lower for an extraction of ti If Li —Li (but strong penalty for Li occupation of this site. The observation

not |_|—Cr) interactions are ignored, the bond valence that in the calculations the L|(5) stays at the center of the
mismatch isosurfaces suggest a three-dimensional networkCavity (where the Li(5)-N distances are quite long, 2.45 A
of Li* pathways for a valence mismatch threshold of only (X@) instead of Iook!ng for some more asymmetric position
0.085 vu (as shown in Figure 11) that involves all occupied !0 increase the stabilizing Li(5)N interactions means that
sites as well as Li(5). Thus a related structure with a reduced
occupancy of the Li sites Li(1)}-Li(3) might become a solid (46) Inorganic Crystal Structure Database: http://icsd.ill.fr/icsd/index.html
: . . 4 o d July 2004).

electrolyte in which all Lt ions contribute to the ionic (47 (égﬁ32?§ p.;uHénsen,)T. C.; Oed, A.; Torregross&hysica BL99g
conductivity via a vacancy type mechanism. A comparison 241-243 195-197. _ o _ _
with the valence mismatch thresholds for other knowh Li  (48) Convert, P Bemeron, M., Gandelli, R, Hansen, T. ¢; Oed, A.;

. . Rambaud, A.; Ratel, J.; Torregrossa,Physica B1997 234—236,
ion conductors yields the rather low vale® ~ 0.4 eV as 1082-1083.
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the Li—Li contacts are already too short to allow this type Conclusions

of movements. Similar considerations apply for positions 4 . . .
and 6. The situation is however somewhat better in the case, - 1/CM#O2and LuCr:NO were prepared in powder form

of site 4. In the optimized structure for occupation with :;trrci’gghci?g?ﬁislj?;en:;%im:nzr}gﬁirur::rgzgg Tlr?\év“;]:rlgg :g:g!n
lithium of this site the number of short tiLi distances is ' ' '

smaller and the distances longer (between 2.41 and 2.48 A)The first presents a simple disordered antifluorite structure
though yet too short. In addition, the four Lit4\N distances pontam!ng one cationic vacancy (of CN 4)/for.mu|a _unlt,
are shorter (between 2.25 and 2.34 A). These two facts arelNto Whlch lithium atoms can be electrqchemlcally.mterca—
behind the preference for this potential site. As discussedlatEd' This process s highly reversible and yields an
above, the situation is clearly worst for site 6 and leads to eleqtrqchemlcal capqcny of 160 mAh/g. On the other hand,
the absence of an energy minimum in the DFT calculations. no lithium could be intercalated into the ordered structure
The extra Li-Li repulsion is not the only crucial factor Li;4CrNgO even though it presents two cationic vacancies/
behind the lack of a driving force for Li intercalationin ~ formula unit. Bond valence and first-principles DFT calcula-
CrNsO. We emphasize the large participation of the N tions indicate that this is due to the absence of energetically
orbitals in the lowest empty peak of the DOS, i.e., that favorable pathways for transport of the ions to these sites
associated with the two lower lying formally Cr-based levels and that additional lithium intercalation would induce an
of the [CrNyJ®~ tetrahedral unit. This means that although increase in the L+Li repulsion and a destabilization of the
this pair of levels is usually considered as almost nonbonding, t€trahedral Crblunits.
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