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Abstract

Substituted lithium cobaltates LiCo M O (where M 5 Ni, Mg, Mn, Zn) have been synthesized by the combustion of0.5 0.5 2

mixtures obtained from aqueous solutions containing the respective metal nitrates, LiNO , and urea in stoichiometric3

amounts. The mixtures, when dried and fired at 7008C, ignite and yield submicron-sized powders. Physical properties of the
synthesized products are discussed in the light of structural (XRD, SEM) and spectroscopic (FTIR and Raman)
measurements. XRD results show that most of the compounds have a structure similar to LiCoO , while LiCo Mn O2 0.5 0.5 2

crystallises with the modified-spinel structure. FTIR and Raman measurements probed the cationic environment in
LiCo M O structures in order to investigate cation distribution and local distortion in the lithiated lattice. Performances0.5 0.5 2

of lithiated oxides as cathode materials in lithium batteries and substitutive effect on electrochemical properties have been
investigated. Stable charge–discharge features have been observed for Li / /LiCo M O cells cycled in the potential range0.5 0.5 2

from 3.0 to 4.2 volts when Ni and Zn dopants are used.  2000 Elsevier Science B.V. All rights reserved.

Keywords: LiCo M O solid solutions; Rechargeable lithium batteries; Raman; FTIR spectroscopy0.5 20.5

Materials: LiCo M O (M 5 Ni, Mg, Mn, Zn)0.5 0.5 2

1. Introduction proposed as advanced positive electrode materials for
secondary lithium batteries [1–3]. The structure of

Designing rechargeable lithium batteries with high LiCoO belongs to the rhombohedral space group2
¯specific energy and power, long cycle life, and rapid R3m (layered a-NaFeO -type structure) with lithium2

discharge rates is intimately linked to the availability atoms in the 3a positions, transition-metal atoms in
of electrode materials. Among the cathode materials, the 3b positions, and oxygen atoms in the 6c
lithiated transition-metal oxides (LTMOs) with either positions (with respect to hexagonal axes).
spinel (cubic) structure (LiMn O ) or layered (rhom- Recently, there has been intensive investigations2 4

bohedral) structure (LiCoO and LiNiO ) have been on substituted LTMOs in which the effects of the2 2

substitution of the transition metal are interesting in
terms of the structural and electrochemical prop-*Corresponding author. Tel.: 1 33-144-274-561; fax: 1 33-
erties. As LiCoO and LiNiO are isotructural, it is144-274-512. 2 2

E-mail address: cjul@ccr.jussieu.fr (C. Julien). known that a solid solution LiCo Ni O can be12y y 2
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formed, showing advantages over the pure end (Philips model PW1830) with nickel-filtered Cu Ka
˚members [4,5]. Various structural modifications of radiation (l 5 1.5406 A). The diffraction patterns

lithium cobaltate have been reported for doping or were taken at room temperature in the range of
substitution in LiCo M O with nickel [6], man- 58 , 2u , 808 using step scans. The step size and the12y y 2

ganese [7], chromium [8], aluminum [9], titanium scan rate were set at 0.1 and 0.2 degree /min,
[10], and boron [9–11]. It is believed that doping respectively. The particle morphologies of the ma-
with M-additives could stabilise the layered frame- terials were examined by scanning electron micro-
work, which extends the cyclability and enhances the scopy (SEM, Cambridge Instruments, Stereoscan
capacity of the electrochemical cell Li / 120). The vibrational spectra were characterized at
/LiCo M O [5]. 258C by Raman scattering (RS) and Fourier trans-12y y 2

In the present paper, we report the synthesis of form infrared (FTIR) spectroscopy. RS spectra were
lithiated transition-metal oxides LiCo M O collected in a quasi-backscattering configuration on0.5 0.5 2

doped with M 5 Ni, Mg, Mn, Zn. The products have the powder sample annealed at 7008C. A double
been obtained by the combustion synthesis of aque- monochromator (Raman-laser spectrometer, Jobin-
ous solutions containing the respective metal nitrates, Yvon U1000) with holographic gratings and a com-
LiNO , and urea in stoichiometric amounts. The puter-controlled photon-counting system was used.3

structural modifications of LiCoO induced by dop- The laser light source was the 514.5 nm line2

ing are investigated by X-ray diffraction, Raman radiation from a Spectra-Physics 2020 argon-ion
scattering and FTIR spectroscopy. In addition, the laser. A RS spectrum is the average of 12 scans

21electrochemical performance of LiCo M O com- obtained with a spectral resolution of 2 cm . A low0.5 0.5 2

pounds in lithium cells is studied. power laser excitation of 15 mW was used to prevent
any decomposition of the sample. FTIR absorption
spectra were recorded using an interferometer

2. Experimental (Brucker IFS113v) at a spectral resolution of 2
21 21cm . In the studied region (100–700 cm ), the

2.1. Preparation of the Li–Co–M oxides spectrometer was equipped with a 3.5 mm-thick
beam splitter, a globar source, and a DTGS/PE

The doped LiCo M O oxide samples were far-infrared detector. Samples were ground to fine0.5 0.5 2

prepared by combustion synthesis of aqueous solu- powders painted onto polyethylene slabs.
tions. The salts of lithium, cobalt and doping sub-
stances were weighed as their nitrates in the required 2.3. Electrochemical studies
quantities. The contents were dissolved in distilled
water (20 ml). The stoichiometric composition of the Electrochemical measurements were carried out at
metal nitrates and urea mixtures was calculated on room temperature (228C) with cells which include a
the total oxidizing and reducing valencies of the lithium metal foil as the counter-electrode, a positive
oxidizer and fuel which released the energy at a electrode mixture composed of 90 weight percent
maximum [12,13]. The mixture of LiNO with metal (w/o) of active material, 5 (w/o) carbon black as a3

nitrates and urea, placed in a quartz crucible was conductive agent, and 5 (w/o) polytetrafluoro-
rapidly calcined to 7008C for 3 h, ignited and yielded ethylene as a binder. The laboratory-scale
the product of the composition LiCo M O . The LiiLiCo M O cells were housed in a Teflon0.5 0.5 2 0.5 0.5 2

resulting solid (black in color with lustre) was cooled laboratory-cell hardware employing a non-aqueous
1to room temperature and pulverized for 3 h to a fine Li ion conducting organic electrolyte. The elec-

powder. trolyte was a 1 M LiPF in EC-DMC in 1:16

volumetric ratio. A microporous polypropylene film
2.2. Instruments (Celgard 2500) was used as a separator. Quasi open-

circuit voltage profiles were measured using intermit-
The structure of the samples was characterized by tent charging as follows. A current density of 0.1

2X-ray diffraction (XRD) using a diffractometer mA/cm was supplied for 1 h, corresponding to a
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¯lithium extraction of about 0.01 mol from 1 mol of be indexed either to a rhombohedral unit cell (R3m)
the electrode material. This was followed by a of a layered structure or, because the c /a ratio equals
relaxation time of 0.5 h before the next charging 4.90, to a face-centered cubic unit cell (Fd3m) of a
started. The charging was stopped when the closed- spinel structure [14,15]. For some samples, we
circuit voltage reached 4.2 V. The apparent lithium decided to index the XRD diagram assuming a
content of the charge–discharge compounds was modified spinel-like structure with Fd3m space group
estimated using the current passed and the mass of because this assigment is in good accordance with
the electrode material. our spectroscopic data, as shown herewith. Thus the

stoichiometric formula of the final product should be
Li [Co M ] O , which is the fully lithiated phase2 0.5 0.5 2 4

3. Results and discussion of spinel.
LiCo Mg O , LiCo Ni O and0.5 0.5 2 0.5 0.5 2

3.1. Structural studies LiCo Zn O grow with the tendency of a layered0.5 0.5 2

a-NaFeO -type structure; their XRD patterns appear2

Fig. 1 shows the powder X-ray diffraction dia- to be similar to those reported for LiCoO [16]. In2

grams of doped lithium cobaltates calcined at 7008C. the diagrams of LiCo Mg O and LiCo Zn O0.5 0.5 2 0.5 0.5 2

The XRD patterns of LiCo M O samples are powders, we detect the presence of a small amount0.5 0.5 2

dominated by a strong Bragg peak located at ca. of a second phase, while LiCo Ni O powders0.5 0.5 2
¯2u 5 198 and Bragg peaks with medium intensity at appear to be a single phase. The rhombohedral R3m

36 and 448. Considering the intensity and position of structure is based on alternative ordering of Li in the
the Bragg peaks, it is well known that patterns can octahedral sites between (Co M O ) infinite0.5 0.5 2 n

Fig. 1. X-Ray diffraction patterns of doped LiCo M O with M 5 Ni, Zn, Mg, and Mn.0.5 0.5 2
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slabs formed by edge-sharing octahedra. Hexagonal tetrahedral sites (Wyckoff position 8a in Fd3m). The
XRD peaks of Li [Co Mn ] O prepared atcell parameters of the oxides prepared by different 2 0.5 0.5 2 4

7008C were indexed assuming the cubic latticedoping elements, which were calculated by least-
˚parameter with a 5 8.331 A (Table 1). The degree ofsquares refinement, are given in Table 1. These

crystallinity, i.e. domain size, was examined byresults reveal that the hexagonal-close-packed lattice
measuring the full width at half maximum (FWHM)is still maintained and both the metal–metal in-
for (004) peak at ca. 2u 5 448, which is found to betrasheet distance (a ) and the metal–metal inter-hex

very sensitive to the synthesis temperature. Thelayer distance (c /3) increase with doping. Thehex

question of the local cationic order in LiCo M OLiCo Ni O compound grown by combustion 0.5 0.5 20.5 0.5 2

materials will be re-examined below by spectro-method exhibits XRD patterns with well-defined
scopic measurements.(006,102) and (108,110) doublets. The c /a ratio

higher than the critical value 4.90 and the clear
3.2. Vibrational studiessplitting of the (006) and (102) as well as (108) and

(110) diffraction lines indicate that, as far as XRD
The purpose of these studies is to investigate thepatterns are concerned, an ordered distribution of

local environment of cations in a cubic close-packedlithium and transition-metal ions exists in the struc-
oxygen array of the LiCo M O lattice usingture. On the other hand, the XRD diagram of 0.5 0.5 2

Raman scattering and FTIR spectroscopy.VibrationalLiCo Zn O material (Fig. 1d) exhibits peaks due0.5 0.5 2

modes, which correspond to vibrations involvingto impurities.
primarily atomic motion of cations against theirThe substitution of Mn for Co expands the unit

31 oxygen neighbors, are sensitive to the space groupcell, which matches with the ionic radii of Co and
31 ˚ and consequently, these modes are very sensitive toMn : 0.56 and 0.63 A, respectively. In addition, the

the cationic local environment in the host matrixXRD patterns of LiCo Mn O display a drastic0.5 0.5 2

[17]. Fig. 2 shows the RS spectra of the dopeddecrease of the (003) /(104) diffraction line intensity
lithium–cobalt oxides recorded at room temperature.ratio caused by the Mn-additives. These results
According to a factor group analysis, the layeredsuggest that LiCo Mn O sample prepared by the0.5 0.5 2

¯phase (R3m space group) exhibits only two Raman-combustion method at 7008C adopts a structural
active modes, i.e. the A and the E species. The RSmodification; thus we observe the formation of the 1g g

spectra (Fig. 2) of LiCo M O (M 5 Ni, Zn, Mg)modified-spinel structure for which the XRD patterns 0.5 0.5 2
21are dominated by two band at ca. 595 cm (Amatch based on Fd3m space group analogous to 1g

21mode) and at ca. 485 cm (E mode). ForLi Ti O (i.e. Li CoMnO ), in which all cations g2 2 4 2 4

LiCo Zn O a band with a weak intensity appearsoccupy octahedral sites. In this modified-spinel struc- 0.5 0.5 2
21at ca. 550 cm , which is attributed to the Zn–Oture, the oxygen atoms occupy fully the 32e sites and

bond. The RS results demonstrate clearly that theLi and Co fully occupy the 16c and 16d octahedral
number of active modes is higher for the modified-interstices, respectively, with very little cation mix-
spinel Li [Co Mn ] O structure than for theing. This is slightly different than the normal spinel 2 0.5 0.5 2 4

layered rhombohedral-like LiCo Ni O phase.structure of LiMn O , in which Li fully occupies 0.5 0.5 22 4
21The Raman band located at ca. 615 cm can be

viewed as the symmetric M–O stretching vibration
7of MO groups with the A symmetry in the OTable 1 6 1g h

XRD results obtained on doped LiCo M O powders calcined spectroscopic space group. Its broadening may be0.5 0.5 2

at 7008C related with the cation–anion bond lengths and
˚ ˚Dopant Space a (A) c (A) I /I polyhedral distortion occurring in(003) (104)

21group Li [Co Mn ] O . The RS peak at 495 cm has2 0.5 0.5 2 4

¯ the E symmetry, whereas the peaks located at lowerMg R3m 2.858 14.138 1.28 g
¯Ni R3m 2.841 14.113 1.23 frequency have the F symmetry. Because the2g

Mn Fd3m 8.331 – 0.85 crystallographic anomaly strongly affects the Raman
¯Zn R3m 2.853 14.152 1.47 spectrum, we can definitely assume that the symme-
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Fig. 2. Raman spectra of LiCo M O compounds doped with M 5 Ni, Zn, Mg, and Mn.0.5 0.5 2

5try of the LiCo Mn O oxide synthesized at analysis of the D spectroscopic symmetry yields0.5 0.5 2 3d
¯7008C is of Fd3m. four infrared-active modes [18]. Because FTIR spec-

Fig. 3 shows the FTIR spectra of doped troscopy is capable of probing directly the surround-
LiCo M O samples fired at 7008C for 5 h. The ing environment of the cation, we have studied the0.5 0.5 2

FTIR absorption spectra display features which can local environment of lithium ions in LiM’O (M’ 52

be divided into two parts: (i) The high-wavenumber Co, Ni, Cr) materials [19]. It has been also demon-
region of strong absorption corresponds to the broad strated that the vibrational mode component of the

21rock-salt band which has broken into several distinct LiO octahedra appears invariably around 250 cm6
21components at ca. 400–600 cm , and (ii) the low- [20]. Thus, the IR resonant frequency of LiO groups6

21wavenumber region in which an isolated strong band appears at 269 cm in LiCoO (Fig. 3a). The IR2
21is centered at ca. 240–260 cm . absorption spectra of doped LiCo M O mi-0.5 0.5 2

The IR modes of crystalline LiCoO can be crocrystalline powders (Fig. 3b, c and d) show that2

predicted by factor group analysis with a Bravais cell these compounds have the symmetry. The band
21which contains one molecule. The group factor situated at ca. 260 cm is assigned with confidence
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¯spinel structure of Li [Co Mn ] O with Fd3m2 0.5 0.5 2 4

symmetry and the layered structure of
¯LiCo M O (M 5 Ni, Zn, Mg) with R3m symme-0.5 0.5 2

try. It has also demonstrated the local environment of
cations against oxygen neighbors, i.e. lithium and
transition-metal atoms reside in octahedral interstices
of the modified-spinel matrix.

3.3. Electrochemical charge–discharge features

The electrochemical behavior of substituted
LiCo M O was examined in lithium-containing0.5 0.5 2

test cells employing a non-aqueous electrolyte. The
Li metal acted as both counter and reference elec-
trodes, while LiCo M O was treated as the0.5 0.5 2

working electrode. The electrodes are separated by a
porous membrane soaked in an electrolyte of 1 M
LiPF in 1:1 (v /v) mixture of EC-DMC. Fig. 46

shows the first charge–discharge curves at 228C for
the LiiLiCo M O non-aqueous cells operated0.5 0.5 2

under galvanostatic conditions. The initial open-cir-
Fig. 3. FTIR spectra of (a) LiCoO and LiCo M O com-2 0.5 0.5 2 cuit voltages of freshly prepared cells were aroundpounds doped with (b) Ni, (c) Zn, (d) Mg, and (e) Mn.

2.9 V. The cells were charged and discharged at a
2current density of 0.1 mA/cm , while the voltage is

1to an asymmetric stretching vibration of the Li ion monitored between 3.0 and 4.2 V
22with O nearest neighbors in LiCo Ni O , In the potential domain 3.0–4.2 V, the charge–0.5 0.5 2

LiCo Zn O and LiCo Mg O . The high-fre- discharge curves correspond to the voltage profiles0.5 0.5 2 0.5 0.5 2

quency band of the FTIR absorption spectra located characteristic of the lithiated transition-metal oxide
21at ca. 580 cm is attributed to the asymmetric cathode materials associated with lithium occupation

stretching mode of CoO group, whereas the low- of octahedral sites, in agreement with previous work6
21frequency bands at ca. 420 and 530 cm are [21–23]. The voltage profiles of the cells

assigned to the bending modes of O–M–O chemical LiiLiCo M O exhibit a potential slightly lower0.5 0.5 2

bonds. The shape of the FTIR spectrum of the than for the pure LiCoO phase. This could due to2

LiCo Mn O product (Fig. 3e) shows the charac- the different crystallographic texture and morphology0.5 0.5 2

ter of the modified-spinel Li [Co Mn ] O struc- of LiCo M O cathodes. Since the electronic2 0.5 0.5 2 4 0.5 0.5 2

ture (Fd3m space group). The high-frequency bands band structure of substituted LiCo M O materi-0.5 0.5 2

of the FTIR absorption spectrum of als is affected by the presence of M atoms it should
21Li [Co Mn ] O located at ca. 650 cm are be remarked that the fully intercalated phase is not2 0.5 0.5 2 4

attributed to the asymmetric stretching modes of recovered after the first discharge. The capacities of
CoO and MnO groups. The IR resonant frequency the first charges are far larger than any subsequent6 6

21of LiO groups appears at 280 cm . As a result, a discharges for the cells which contain doped cathode6

breakdown in the Raman and IR selection rules is materials. This capacity decrease is more severe for
observed in the modified-spinel structure, which may the modified-spinel LiCo Mn O compound. This0.5 0.5 2

explain the observation of broad bands (disorder) and behavior is attributed to the quasi-spinel phase in
the fact that the number of modes increased for which the cations are located only in octhahedral
Li [Co Mn ] O . In conclusion, analysis of the sites with the existence of cation mixing. These2 0.5 0.5 2 4

Raman scattering and FTIR absorption spectra of studies also demonstrate that the layered-type
doped lithium cobaltates has shown the modified- cathodes yield significantly inferior capacities of 140
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Fig. 4. Charge–discharge profiles of Li / /LiCo M O cells with M 5 Ni, Zn, Mg, and Mn. Electrochemical measurements were carried0.5 0.5 2
2out at current density 0.1 mA/cm in the voltage range 3.0–4.2 V.

mAh/g compared to the theoretical value of 164 tion method electrochemical features are less, i.e.
mAh/g when discharged to a cut-off voltage of 2.8 specific capacity after the first discharge, than their
V. The improved performance of the parent compounds LiNi Co O synthesized by wet12y y 2

LiiLiCo Zn O cell is evident (Fig. 4) from the chemistry.0.5 0.5 2

following factors: (i) the rate at which the capacity is
lost on cycling is reduced, (ii) the capacity retention
is comparable to the Ni-substituted compounds, but 4. Conclusion
the cell potential is inferior in the entire length of
charge–discharge. However, the low capacities of The positive electrode materials LiCo M O0.5 0.5 2

the samples are also indicative of heavy migration of (M 5 Ni, Mg, Zn, and Mn) have been synthesized
doping metal within the oxide slab (into the lithium using a combustion procedure at 7008C. Structural
sites), which gives a more three dimensional charac- features suggested by X-ray diffraction show that
ter to the product, consistent with vibrational spectra. doped lithium cobaltates have an essentially ordered
As a concluding remark, it can be pointed out that rock-salt structure, while Mn-doped LiCoO exhibits2

for doped cathode materials prepared by the combus- a modified-spinel structure (Li CoMnO ). These2 4
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