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Abstract

Lithium cobalt nitrides Liz_,,Co,N (0.1 <x <0.44) have been prepared and investigated as negative electrode in the 1/0.02 V potential window.
The evolution of the unit cell parameters and unit cell volume with the Co content show a solid solution behaviour. Whatever the Co content,
all these nitrides are electroactive with a single step around 0.6 V/0.7 V for the discharge and charge processes, respectively. The electrochemical
behaviour observed is typical of a Li intercalation compound and involves the Co?*/Co* redox couple in the interlayer plane combined with the
reversible accommodation of Li* ions in the cation vacancies located in Li,N~ layers. XRD experiments performed after discharge, charge and
cycling tests clearly indicate the hexagonal layered structure of the host lattice is maintained. This intercalation process explains the excellent
capacity retention found after 50 cycles. A specific capacity of 180 mAhg~! at C/20 and 130 mAh g~! at C/5 rate (100 mA cm™2) is achieved for
Li; 23Cog39N. ac impedance measurements have allowed to characterize the kinetics of the reaction.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The explosive demand for portable devices, such as portable
telephones and notebook type computers has increased the
importance of Li-ion battery [1]. This system has the highest
specific energy among the available battery systems and is based
on a high voltage cathode working at 4.2V and an anode that
works at around 0.2-0.1 V versus Li/Li*. The commercialized
lithium-ion batteries use graphite as negative electrode, but it
suffers of a low capacity, i.e., 372 mAh g~!. Therefore various
carbonaceous compounds have also been investigated as possi-
ble negative electrodes [2,3]. In recent years, a great effort has
been made to find alternative anode materials to replace graphite
in Li-ion batteries. Possible improvements have been proposed
with the use of other candidates such as some alloys, i.e., LiAl,
LiSn [4-6], tin oxides leading to the formation of Li,Sn alloys
[7-10] but the dramatic volumetric changes responsible of the
capacity loss upon cycling has never been solved as yet. A new
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class of negative materials is now receiving considerable atten-
tion such as cobalt, nickel, iron and manganese oxides working
in the 3-0.01 V potential range through conversion reactions
leading to sustained high reversible capacities [11,12].

Another group of attractive negative materials is formed by
the transition metal pnictides compounds M-Pn with Pn=P
[13-16], Sb [17], N [18-25]. In the case of the transition metal
nitrides, the LizFeN; and Li;MnN4 compounds exhibit capac-
ities in the range 150-250 mAh g_1 at 1.2/1.1V [24,25]. More
interesting properties have been evidenced with the lithium
cobalt nitrides with the chemical composition Liz_,Co,N
(0<x<0.6) [18-22], these nitride solid solutions exhibiting
a layered structure characterized by an hexagonal symmetry
(Pe/mmm). Most of the papers in this area focus on Lij ¢Cog 4N
which seems to be the most promising compound. However,
contradictory capacity values are reported for that anode mate-
rial with a remarkable stable capacity of 760 mAh g~! recovered
after 50 cycles performed in the 1.4/0 V range [18,19] which is
twice that achieved by another team [20,21].

In all cases the authors systematically investigated these
materials using first a charge up to 1.4 V involving an irreversible
structural change which is not well understood as yet.
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The lack of data on the discharge—charge behaviour of the
lithium cobalt nitrides Liz_,Co,N for x # 0.4 and the contra-
dictory results on the cycling properties of Liy ¢Cop4N has
prompted us to investigate the structural and electrochemical
properties of the ternary lithium cobalt nitrides in the limited
potential range 1-0.02 V with the hope of limited structural rear-
rangements and attractive specific capacities. This investigation
of the Li-Co—N system will be done at the light of a detailed
chemical and structural characterization.

2. Experimental
2.1. Chemical synthesis and structural analysis

The lithium cobalt nitride compounds were prepared using a
solid state route from the reagent grade Li3 N (Alfa-Aesar 99.5%,
10 wm) and Co metal (Alfa-Aesar 99.8%, 1.6 wm). To obtain
Liz_,Co,N with different x values, a mixture of LisN and Co
in a ratio R (R=Co/Li3N) was first mixed and ground in agate
mortar and was then pressed to get a pellet 1 cm in diameter and
5-8 mm in thickness. The pellet of about 1 g is then transferred
on a tungsten foil in an alumina crucible and heat-treated at
desired temperatures at 700 °C for 8 h in a nitrogen gas stream.
The oven is first at 300 °C and a heating rate of 50 °C h~! is used
to reach 700 °C.

XRD experiments were performed on a Brucker D8 diffrac-
tometer using Cu Ka radiation (A=1.54178 A). Step scan
recordings were carried out by using 0.02° 26 steps of 10s
duration. The chemical composition of the compounds was
determined by elemental analysis (inductively coupled plasma-
atomic emission spectroscopy: ICP-AES) with an accuracy of
+2%.

2.2. Electrochemical measurements

The electrolyte used was 1 mol L~! LiPFg in ethylene car-
bonate (EC) and diethyl carbonate (DEC) solution (1:2, v/v).
The working electrode consisted of a stainless steel grid (12 mm
diameter, 0.2 mm thickness) with a geometric area of ~1 cm? on
which the cathode material was pressed (5 tem—2). The cathode
was made of a mixture of active material (70 wt%), acetylene
black or nickel powder (in order to eliminate the SEI formation)
(22 wt%) and teflon as binder agent (8%). Electrochemical stud-
ies were carried out in two-electrodes cells (Swagelok® type) or
three-electrodes cells. In that case, the counter electrode con-
sisted of a lithium foil and the reference electrode consisted of a
lithium wire in a separate compartment. Electrochemical mea-
surements were made with a Mac Pile apparatus. Galvanostatic
discharge—charge tests between 1 and 0.02 V versus Li/Li* were
carried out at C/2, C/5, C/10 and C/20 rate. Impedance spec-
troscopy experiments were catried out in the frequency range
10* to 10~* Hz using an EGG (PAR) potentiostat coupled with
a 1255 Schlumberger Frequency Response Analyser. The excita-
tion signal was 5 mV peak to peak. The equilibrium potential was
considered to be reached when the drift in open-circuit voltage
remained less than 1 mV during 5 h.

Software Carine® was used for the simulation of XRD pat-
terns.
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Fig. 1. Crystal structure of a-LizN.

3. Results and discussion

The layered compound a-LizN exhibits an hexagonal struc-
ture (space group Pe/mmm) illustrated in Fig. 1. This structure
is characterized by the stacking of alternate layers of Li,N™ in
which the Li* cations and the N3~ anions occupy all the 2c sites
and the 1a sites, respectively, and pure Li planes. In that planes,
lithium ions are localized in the 1b sites.

After reaction, the pellets of the lithium cobalt nitrides
corresponding to a single phase (R <0.6) are dissolved in
a 2N H,SO4 aqueous solution at room temperature and the
amount of Li and Co moles is determined by ICP-AES mea-
surements. Table 1 summarizes the chemical compositions
for the products obtained after reaction between cobalt and
lithium nitride according to the schematic reaction usually
reported in literatures [18-21]: Li3N) +x Co(s) — Liz—Co,N
or Li3N() +xCo(s) — Liz_2,CoyN depending on the oxidation
state of cobalt, Co(I) and Co(Il), respectively. The chemical
compositions drawn from literatures [20,21,26-29] are given
in Table 1 for comparison. R is the experimental molar ratio
of reactants Co/Li3N used for the synthesis reaction, not the

Table 1
Chemical compositions of the products obtained after reaction between cobalt
and lithium nitride, R = the experimental molar ratio of reactants (Co/LizN)

R Chemical composition [this work] Chemical composition []

Co! formation Co! formation

0.1 Liz 91Colp. 10N Liz 79Co™ly 10N Liz 9Co0.1N [20,26]

0.2 Liz 80Co'.19N Li 64Co'l 13N Liz §Cop.2N [20]
Liz 7Coo3N [26]
0.3 Liz.70 COI()‘ZQN Liz'4()COHO'27N Liz 57 Cog3N [20]

Liz 4Coo3N [21]

Lis 6Co.4N [22,27-29]
Liz 42Cop 4N [20]
Liz30Co04N [21]

Liz 56C00.44N [30]
Liz23C00.30N [30]

0.4 Liz 63Col037N Liz 35Co™o 33N

Liz3Co') 30N
. 11
Liz 12Co0"0.44N

0.5 Lis 55Co'044N
0.6 Liz 50Co'951N
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effective cobalt content in the lithium cobalt nitride. Indeed, the
elemental analysis reveals a lithium loss (in the range 4-11%)
which increases with the cobalt content. We also found a sig-
nificant loss of cobalt (=*5-9%) when R exceeds 0.3. The loss
of Li and Co could be explained by the formation of the cor-
responding nitrides and their sublimation as suggested by the
silica tube attacked by nitride vapors. The determination of the
nitrogen content obtained in each sample is deduced from the
charge balance with the positive charge provided by the results
of the chemical analysis by ICP-AES for the Li and Co elements.
During the reaction, the presence of a nitrogen gas stream allows
the oxidation of cobalt metal. Considering the reaction consists
in a substitution reaction of Li* by Co™ or Co**, two chemical
compositions can be suggested for the final products. Though
the oxidation state of Co has not been established [18-21], it can
be assumed that Co(II) would be preferentially formed during
the synthesis because (i) Co(II) and Co(IIl) are the most com-
mon oxidation states for Co in solid state chemistry; (ii) the ionic
radius of Li* ion (0.4 A) is very close to that of Co** in ionic
nitrides [31]. In that case, in addition to the formation of Co(II)
ions, the equation reaction must account for the substitution of
Li* ions by Co®" ions and the correlative presence of lithium
vacancies, []. Therefore the synthesis reaction could be written
as

N.
Li3N(s) + R Cog)—>Liz_2,Col'[0,N) with x < R

In Fig. 2 are reported the XRD patterns of the lithium cobalt
nitrides synthesized as a function of the cobalt content x in
Liz_»,Co,N. It appears that the main diffraction lines of the par-
ent nitride are maintained. This indicates the layered structure of
LizN is not deeply modified which is consistent with a substitu-
tion of some interlayer lithium ions by cobalt ions. Two enlarged
views of the XRD patterns are shown in the 15—40 and 40-90 26
domains (Fig. 3). The increase in the Co content induces a sig-
nificant shiftofthe 002,101,102 and 1 1 2 lines towards larger
angle values, i.e., a decrease of the interlayer unit cell parameter
c. In the same time, a shift of the 100, 1 10 and 2 00 diffraction
peaks towards lower angle values corresponds to an increase of
the a parameter. A more complicated behaviour is observed for
the 001 line which vanishes for x>0.18 and appears again for
R=0.7 (Fig. 3a). We will come back later on this specific point.
For R=0.7 and 0.8, typical lines of the lithium cobalt nitride
Lip 12Co0.44N are observed but the extraline at 44° (Fig. 3b)
indicates a mixture of nitride and metallic cobalt showing that
the maximum solubility of Co in Li3N is achieved for x=0.44.
This limit is slightly higher than that suggested by Nishijima et
al. [20,21] with a value of 0.4.

Assuming the structure of the lithium cobalt nitrides is very
close to that of the initial structure of Li3N as indicated by XRD
patterns of Figs. 2 and 3, two structural models concerning the
substitution of lithium ions by cobalt ions can be proposed:
lithium ions in the Li;N™ layers, i.e., in 2c sites (Wyckoff posi-
tion: 2/3; 1/3; 0) or interlayer lithium ions located in the 1b
sites (Wyckoff position: 0; 0; 1/2) can be substituted by Co ions.
Table 2 summarizes the intensities of 4 k [ diffraction peaks cal-
culated using a simulation for the XRD patterns for the two
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Fig. 2. X-ray diffraction patterns of the lithium cobalt nitrides Li3_,,Co,N syn-
thesized from a mixture of Co/Li3N; R = the experimental molar ratio of reactants
(Co/Li3N), *: Li O, + : sample holder.

kinds of Co accommodation as a function of the Co content.
The calculated data are compared with the values drawn from
the experimental XRD diffraction patterns reported in Fig. 2.
As shown from this table, the main influence of the accom-
modation of cobalt ions instead of Liions in 2¢ or 1b sites results
in a great difference in the intensity of the 001, 100, 102 and
111 diffraction peaks. It is clear that the best fit is found for
Co ions located in the interlayer sites (1b sites). In that case

Table 2

Influence of the Co distribution on the calculated intensities of diffraction lines
as a function of the Co content x in Li3_5,Co,N and comparison with the
experimental data

(hkl)reflection 001 100 101 002 110 102 111 200

Theoretical ratio I/I,x (%) (Co in 2c¢ sites)

x=0.18 100 2 6 18 44 0 35 0

x=0.33 100 1 13 17 40 1 37 0

x=0.44 100 4 17 16 38 2 38 1
Theoretical ratio I/I;,,x (%) (Co in 1b sites)

x=0.18 9 100 9 18 41 18 2 7

x=0.33 0 100 23 14 34 20 0 8

x=0.44 1 100 31 13 31 20 1 8
Experimental ratio I/Inax (%)

x=0.18 40 100 26 36 49 43 9 28

x=0.33 0 100 14 14 42 24 0 12

x=0.44 6 100 25 9 21 22 7 16
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Fig. 3. Enlarged views of X-ray diffraction patterns of the lithium cobalt nitrides
Liz_, CoxN synthesized from a mixture of Co/Li3N; (a) between 15° and 40°
26; (b) between 40° and 90° 26; R =the experimental molar ratio of reactants
Co/Li3N; *: Lip O, +: sample holder.

the 100 peak is the strongest line, the 102 line exhibits a sig-
nificant intensity while the 001, 1 1 1 diffraction lines are very
weak or vanish. Hence, it can be inferred that the occupation of
the cobalt ions take place in 1b sites whatever the cobalt content.
This is in good accord with a previous assumption made for the
Lip 6Cop 4N compound [20].

Fig. 4 plots the variation of the cell parameters, ¢ and c,
as a function of the effective cobalt content per mole of ternary
nitride. The lattice parameter a linearly increases with the cobalt
content from 3.63(7) A for x=0-3.73(3) A for x=0.44 (R=0.6).
This trend can be explained by the larger ionic radius of Co®*
(<0.5A) [31] in comparison with that of Li*. The correlative
increase of the number of cation vacancies in the LioN~ sheet
with the cobalt content is responsible for higher repulsive inter-
actions beween N3~ ions in the ab plane. This effect could also
explain the increase in the a parameter. A linear decrease is
observed for the ¢ parameter from 3.87(0) A for x=0 to reach

3.90 . . .
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Fig. 4. Evolution of the unit cell parameters a (@) and ¢ (B) as a function of x
in Li3,2xC0XNA

3.62(4) A for x=0.44 (R=0.6). The progressive substitution of
Li* ions by more charged species, Co®* ions, of similar size in
the interlayer plane probably induces an enhancement of elec-
trostatic attractive forces with the negatively charged Lip;N™
sheets. As a consequence of the lattice parameters variation, the
Liz_»,CoxN system exhibits a solid solution behaviour as illus-
trated by the linear decrease in the volume of the hexagonal
unit cell versus the cobalt content. Even when linear evolu-
tions of these unit cell parameters have been previously reported
[20,26], some significant discrepancies appear. Indeed, in refer-
ences [20,26] the Co content in the ternary nitride is assumed to
exactly correspond to the initial amount of reactants used with a
simple substitution reaction of Li* by Co* leading to the formula
Liz_,Co,N. Moreover they reported a and ¢ remain constant for
x=0.5 and 0.6 which can be explained by a Co content which
does not exceed 0.44. The linear evolution of the cell volume
versus Co content (Fig. 5) indicates a solid solution behaviour
of the Li3_5,Co.N system for 0.1 <x <0.44.

Fig. 6 shows the voltage profile of Liz_»,Co,N electrodes
discharged initially and then charged in the 0.02-1.0 V voltage
range at C/20 rate. The second cycle is reported in order to avoid
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Fig. 5. Evolution of the unit cell volume of Liz_,Co,N vs. Co content (x) for
0.10<x<0.44.
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Fig. 7. Evolution of the faradaic yield vs. Co content x in Liz_,Co,N.

the SEI formation to be included in the faradaic yield during the
first reduction. We have checked that the pristine material LizN is
not electroactive in this potential window. The discharge curve
of lithium cobalt nitrides shows one main process located at
0.6 V with a lithium uptake which continuously increases with
the cobalt content. The charge process is located near 0.7V
as a single signal and is practically quantitative. From Fig. 7
where the experimental lithium uptake obtained is reported as
a linear function of the Co content, it can be seen that the Co
ions are responsible for the reduction process. The electrochem-
ical behaviour observed here is then well-consistent with the
redox reaction of Co(Il) into Co(I). For the Co-rich samples
Lip23Co00.39N and Lis 12Cog 44N, the large Co content probably
impedes to achieve the expected faradaic yield due to very strong
repulsive interactions between interlayer Co* ions and Li* ions
limiting then lithium diffusion in the material. Therefore the last
two points in Fig. 7 deviate from the plot to reach lower val-
ues than that expected. It is surprising that the low Co contents
x=0.1 and 0.2 in Li3_,Co,N are reported in literature [21] to
be inactive while the other compounds (x=0.3; 0.4; 0.5) gave

Table 3
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Fig. 8. X-ray diffraction patterns of the discharged and charged electrodes of:
Liz79Co0.10N, Liz.35C00 33N and Lis 23C00.39N; *: Li, O, + : sample support.

the same monotonous voltage profile and especially the same
and low faradaic yield of 0.18 F mol~! of nitride [21].

The XRD diffraction patterns of the fully discharged elec-
trodes at 0.020 V and charged electrodes at 1 V are reported in
Fig. 8 for three compounds: Liz 79Coq.190N, Liz 35C0¢ 33N and
Liz 23Cog.39N. In all cases, no significant change takes place
except a negligible shift of some peaks which indicates that
only a very slight variation of the lattice parameters occurs as
Li insertion—extraction proceeds. The crystallinity of the host
lattice is maintained and the values calculated for the unit cell
parameters are summarized in Table 3. It comes out the change
in the unit cell volume does not exceed 1% which is a very low
value especially compared with the volumetric changes encoun-
tered in the Li—metal alloys. The absence of structural change

Unit cell parameters of the discharged and charged electrodes of: Liz 79Coq.10N, Liz 35C00.33N and Lij 23C00 390N

Liz 79Coo.10N

Liz 35Co0.33N Liz 23C00.39N

a=3.65A,c=3.82A
a=3.66A,c=3.82A

After discharge at 0.02 V
After 10 cycles charged state

a=371A,c=3.67A
a=3.69A,c=3.69A

a=3.68A,c=3.69A
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Fig. 9. Influence of the current density on the discharge—charge cycles of
Liz 64C00.18N, Liz 46C00.27N and Lij 23C00.39N.

is consistent with the lithium accommodation occurring in the
available cationic vacancies located in 2c sites of the LioN™
layer. Both the structural and the electrochemical experiments
demonstrate the reduction of Co?* into Co* accompanied by the
Li insertion process in the lithium cobalt nitrides is reversible in
the 0.02/1 V potential range following the equation:

_ reduction/oxidation
<>

[Lij—Coxlyp[Liz—y[1: 1N + zLi™ + ze
[Lij—xCoxlpp[Liz—xtz[]x—z 15N

with0<x<0.44 and z <=x.

This point is rarely addressed in literature but some con-
tradictory data can be found on the redox species involved in
the discharge mechanism: an electron energy loss spectroscopy
study reports the presence of Co(I) in the pristine material
Lip 6Co9 4N [27] while an investigation using the EXAFS tech-
nique indicates that Li accommodation in the same compound
takes place in vacant sites without giving evidence for the oxi-
dation state of Co after reduction [32].

In Fig. 9 is illustrated the influence of the current
density on the discharge—charge curves for three samples

b
& A
—~035F eg.- 4 4
5 . v VE
2 03fF S Chng E
E : A e
w 025 o Vos e g
k-] F
S 02f - Y TR ]
by b ol cr2 3
Q015 F . . Cl2 m 3
< £ A ]
k-] S 3
0.1 LY. E
E ’ _,-" [ | | | Py
L 0.05 |- e s 6w
P e, A . .. S e B
0.1 0.2 0.3 0.4
xin Li Co N
3-2x X

Fig. 10. Evolution of the faradaic yield as a function of Co content x in
Liz—2xCo,N and of the C rate.

Lip 64Co0.18N, Liz 46C0027N and Li »3Cog39N. The faradaic
yield strongly decreases with the current density for instance
from 0.35Fmol~! (i.e., 180 mAhg™!) at C/20 to 0.08 Fmol~!
(i.e.,40mAh g~!) at C rate in the case of Liy 23C0039N. A very
close capacity is reported in [18] for Lip §Cog 4N but its chemi-
cal composition was not determined and the galvanostatic curves
are not given hindering any comparison. As a general trend, it
can be seen that these materials are highly sensitive to the current
density since the capacity obtained at C/2 rate is only half the
capacity achieved at C/10. However, it must be outlined that a
quantitative charge process is systematically achieved showing
the good rechargeability of these nitrides whatever the C rate.
Even when the discharge curves are polarized from the C/5 rate,
it is surprising to note that the charge curves do not exhibit such
a drawback since the mean oxidation voltage always remains
located at about 0.7 V.

Fig. 10 shows the faradaic yield increases linearly with the
cobalt content whatever the C rate but reaches significant values
only for C rates of C/5, C/10 and C/20 and cobalt content higher
than 0.3. Owing to the low molar weight of these nitrides, a C/5
rate already corresponds to high current densities in the order of
100mA g~ 1.

The cycling properties of these lithium cobalt nitrides are
then investigated as a function of the C rate in the 0.02V/1'V
(Fig. 11). The results expressed in terms of faradaic yield
and specific capacity versus cycles, clearly indicate an excel-
lent capacity retention whatever the rate. The higher value
reported for the first discharge can be explained by the for-
mation of the SEI in addition to the specific capacity expected
for the active material. An interesting figure of merit of these
materials is their ability to sustain high C rate without dam-
aging the structure since the maximum capacity is recovered
after a lower current density is applied. All these data char-
acterizing a high reversible behaviour of the redox process
are well consistent with the presence of a genuine Li inter-
calation reaction in the host lattice of lithium cobalt nitrides
occurring without any structural change. For the best composi-
tion Liz 23Cop 39N, a stable specific capacity of 180 mAh g’l
is reached at C/20 and 140mAhg~! at C/5 over 50 cycles.
This behaviour competes very well with TiO;-based negative
electrodes like LisTisO1, [33-36] sustaining higher C rate but
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Fig. 11. Evolution of the faradaic yield and the specific capacity with galvano-
static cycles and C rate.

working at higher voltage, around 1.5V against 0.6 V for these
nitrides

This is confirmed by the XRD pattern of the Lis 23C0039N
electrode in the charged state after 10 cycles at C/5 (Fig. 8 and
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Fig. 12. ac impedance diagrams for Li2 234+,C0¢ 39N at mid-discharge of cycles
2, 5 and 20 at C/5 rate. (z=0.17).
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Fig. 13. ac impedance diagrams for Lij 23C0039N as a function of the lithium
uptake z in Lip 234+;,C0g 39N.

Table 3). The main diffraction lines 100,101,110and 102 of
the pristine material are recovered at the same position showing
no structural change occurs as Li intercalation proceeds.

ac impedance diagrams have been recorded at the mid-point
of the discharge process for the Lis23+,Cog39N compound
(z=0.17) for cycles 2, 5 and 20 (Fig. 12) with a stable capac-
ity of 130mAh g~!. The diagrams practically superimpose in
all the frequency range showing there is no change in the elec-
trode surface area and no polarisation phenomenon which is in
good accord with the stability of the capacity (Fig. 11) and the
structure upon cycling (Fig. 8).

We have also examined the influence of the lithium uptake
on the impedance diagrams. These experiments have been per-
formed using Ni metal powder as conductive agent instead of
acetylene black in order to minimize the SEI formation. The
experimental data obtained for Lip 23:,Cop39N with z=0.02,
0.09, 0.26, 0.35 are reported in Fig. 13. There is a strong dis-
crepancy in the order of magnitude of the electrode impedance
for z=0.02 and higher lithium contents, i.e., for z=0.09, 0.26
and 0.35. Indeed, the impedance rapidly decreases from 2270 2
for x=0.02 to 520  for z=0.09 and to 340 €2 for z=0.26 and
0.35. A more detailed view of the high frequency and medium
frequency regions is allowed in Fig. 14. This decrease in the
impedance is explained by the strong decrease of the second
semi-circle located at 0.245Hz as soon as more than 0.02 Li
ions are accommodated in the host lattice of the lithium cobalt
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Fig. 14. Enlarged view of the high and medium frequency ranges of ac
impedance diagrams for Liz23Co0 39N as a function of the lithium uptake z
in Liz 2347,C0039N.
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Fig. 15. OCV curve for Lij 234+,C0¢ 39N at room temperature using pure Ni metal
powder as conductive agent.

nitrides. Indeed, when z > 0.02, the second semi-circles superim-
pose and are characterized by the same characteristic frequency.
Therefore, even when a better understanding of such signals is
required to clearly ascribe the meaning of the two semi-circles,
it is thought the second one located at 0.245Hz is probably
related with the charge transfer kinetics of the intercalation reac-
tion (jo ~10™* Acm~2). Indeed, the characteristic frequency
(245 Hz) of the first semi-circle has also been observed for an
electrode made of pure Ni powder. The sharp decrease in the
charge transfer resistance for x>0.02 could be explained by the
improvement of the electronic conductivity properties due to
an increase in the ratio of the mixed valencies Co*/Co?* for
as lithium insertion proceeds. However the consumption of a
passivating layer cannot be completely discarded to explain the
sharp decrease of the impedance with the depth of discharge.
In all cases, the second semi-circle is followed at medium and
low frequencies (2 x 1072 to 2 x 1073 Hz) by a straight line
with a phase angle of 45° from the real axis corresponding to
the Warburg impedance and a capacitive line at low frequency
(f<2 x 1073 Hz).

The apparent chemical diffusion coefficient Dy ; can be cal-
culated using the following equation when w =27f>> 2Dy ;/L*:

VM(dE/dx), |*
Dii = {/ M
FV2AS
where A is obtained from the Warburg impedance (Zy, =Aw~1/?),

VM the molar volume of the compound (=26.38 cm? mol™1), §
the apparent surface area of the electrode, i.e., 2 cm? and (dE/dx),
is the slope, at fixed x, of the equilibrium potential composi-
tion curve (Fig. 15). L is the maximum length of the diffusion
pathway (cm). The Warburg’s region (2 x 1072 to 2 x 1073 Hz)
corresponds to a frequency range where the kinetics of the
system is almost entirely limited by the rate of the chemical
diffusional process in the host material under semi-infinite con-
ditions. The Dy values are 2 x 10710 cm? s~! for z=0.09; 0.26
and 8 x 10~ ¢cm? s~ for z=0.36. This slight decrease can be
understood due to increasing repulsive interactions between Li
ions in the layered host structure. Very few data are available on
the Li diffusion kinetics in nitrides but the order of magnitude of
these values compare well with that reported for the cubic phase
Li7_,MnNy [24].

4. Conclusion

We have shown that ternary nitrides in the Li—-Co-N system
can be synthesized from a Co/LizN mixture at 700 °C under a
nitrogen flow with a cobalt and lithium loss during reaction.
The as prepared phases correspond to the following chemi-
cal compositions: Lip 79Coq.1oN, Liz.64Coq.18N, Liz.46C00g 27N,
Liy 35C00.33N, Liz23C00 39N, Lir 120C0g44N. A simulation of
the XRD patterns indicates that cobalt ions substitute for some Li
ions in 1b site between Li;N ™ layers. The lithium cobalt nitrides
exhibit a single step around 0.6 V in their discharge—charge pro-
file obtained in the 1/0.02 V potential range and their capacity is
found to be linearly dependent on the Co content. The structural
and electrochemical behaviour reported here demonstrate that
lithium/Li3_5,Co,N cells operate by an intercalation mechanism
of Li ions into cation vacancies (2c sites) involving reduction of
Co?* (1b site) into Co*. Whatever the current density, stable
specific capacities upon cycling are obtained due to the high
stability of the layered structure and a value of 180mAhg~! at
C/20 and 130mAh g~ at C/5 rate (100 mA cm™?) is achieved
for Lip 23Co0¢ 39N. This work depicts for the first time a Li inter-
calation process involving a transition metal nitride while such
a reaction is usually reported for many transition metal oxides.
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