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Abstract

The crystallized precursors LIMVO, (M =Co. N1, Cd, Zn) are wrreversibly transformed to lithiated amorphous oxides Li MVO, (x close
to 8) during the first Li insertion in a lithium battery. Under low rate, these amorphous oxides cycle large amounts of Li per formula unit 1n
the 0.02-3 V range (versus Li), with an average voltage in the order of 0.6 V for L1 insertion and 1.4 V for Li extraction. In the case of
Li N1VO, at first Li extraction, for example, Ax=06.6 and Q=980 Ah/kg (active material alone) or 900 Ah/kg (calculated with respect to
the total mass: material +carbon black) or 4230 Ah/1 (active material alone), more than 5.5 times the volumuc capacity of graphite. The
cycling behavior at fast rate ( C/6) was very good with a peculiar increase in capacity with cycle number after an initial decrease. Character-
1zation of lithiated Li NiVQ, samples, performed with the use of local techmques such as X-ray absorption spectra ( XAS) and electron energy
loss spectroscopy (EELS). led to an evaluation of the average oxidation states of V and Ni and of the electronic transfer from Li to V and Nu.
Results are compatible with the crystal chemistry of Ni and V oxtdes. The Li ‘incorporation/extraction” process i the series Li, MVOQ, is not
a destruction/reconstruction mechanism mvolving Li,O and M and V metals. However. it seems to be different from a classical topotactic

intercalation reaction. © 1997 Published by Elsevier Science S.A.
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1. Introduction

Research for new negative electrode materials has been
strongly stimulated by the recent development of lithium-ion
batteries [ 1]. Such materials are expected to deliver a large
reversible capacity at low voltage versus Li, with a weak
capacity loss during the first cycle and a good cycleability
over several hundreds of cycles.

It is quite difficult to obtain these three main parameters
with both favorable values in the same material. Very high
capacity (600 to 900 Ah/kg) negative electrode materials
with low voltage ( <0.5 V versus Li) are mainly carbona-
ceous compounds ( nongraphitizable hard carbons and hydro-
gen-containing carbons [2]) and multi-metallic alloys [3],
but generally the carbonaceous compounds show a large
capacity loss during first cycle while the multi-metallic alloys
suffer from low cycleability. Other compounds prepared in
the lithiated form. such as nitrides (Li;_ M N with M= Co,
Ni. Cu [4]) offer good performance, but are air-sensitive
Finally graphites, which exhibit a reversible capacity close to
400 Ah/kg at about 0.15 V versus Li with a 7% initial capac-
ity loss [5], still seem to allow the best compromise.

Oxides, such as WO, [6-8], MoO, [8], TiO, [9],
Li,TisOy, [10]. Nb,Os [11] and LiFe,O; [12-14] gener-
ally lead to weak capacities { <200 Ah/kg) and average
voltages in the 1.0-1.6 V range (versus Li) for oxidized
starting compounds ( W, Mo, Ti and Nb oxides), or close to
0.1 V versus Li for reduced starting compounds ( LigFe,05).

Fuji Photo Film reported recently ¢ April 1996) on a new
generation of non-carbon high capacity and safe Li-ion bat-
teries, using SnO,-based oxides with 400-500 Ah/kg capac-
ity and about 0.4 V average voltage (versus Li) as the
negative electrode [ 15]. This paper deals with another family
of amorphous transition metal oxides that can be also used as
high capacity negative electrode materials [16,17]. Their
synthesis, an investigation of their electrochemical properties
and the characterization of intercalated materials are reported
herein.

2. Experimental

LiMVO, (M=Co. Ni, Zn, Cd) crystallized precursors
were prepared by solid state reaction at 500 °C under air [ 17].
Co and Ni compounds adopt the spinel structure whereas
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LiCdVO, and LiZnVO, exhibit a pseudo-olivine and the
phenacite structure, respectively. A common feature to all
these structures is the presence of vanadium (V) in the tetra-
hedral structure. The theoretical density of these materials is
4.23, 4.32, 338 and 4.43 for M=Co, Ni, Zn and Cd.
respectively.

Electrodes were made by mixing the active materials with
carbon black and an organic binder polyvinylidene fluoride
(PVDF). The mixture was deposited [5] onto a stainless-
steel disk current collector. The mass composition of the
composite electrodes was (86:9:5) (active material:carbon
black:binder) for low-rate experiments (cyclic voltamme-
try). The carbon black content of the composite electrodes
was increased (up to 30% in some electrodes) for fast-rate
cycling experiments.

Such made composite materials were used as the positive
electrode in test cells with the chain: Li/ethylene carbon-
ate + dimethyl carbonate (1:2)+1 M LiClO,/electrode.
Then, a discharge corresponds to Li insertion and a charge to
Li extraction. The cells were tested using the *“Mac-Pile’ sys-
tem (Biologic. Claix, France) in galvanostatic and poten-
tiodynamic modes. If not specified, reported specific
capacities are calculated with respect to the total mass ( active
material + carbon black) and voltages are reported versus
Li/Li* system.

X-ray absorption spectra (XAS) were collected in trans-
mission mode at the V and Mn k-edges at LURE (Laboratoire
d’utilisation du rayonnement electromagnétique, Orsay,
France) on the DCI ring. The EELS (electron energy loss
spectroscopy) images were recorded in the diffraction cou-
pling mode with the use of a GATAN 666 parallel spectrom-
eter on a Philips CM30 microscope running at 150 kV. Details
concerning data acquisition and analysis will be found in Ref.
[ 18] for XAS and in Ref. [19] for EELS.
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3. Results
3.1. Comparative Li insertion behavior

Lithium insertion in LIMVO, crystallized precursor mate-
rials was investigated in a potentiodynamic mode at a slow
scan rate. The current—voltage behavior obtained over the
first discharge/charge cycles with LiCoVO,, as an example,
isreported in Fig. 1. The firstdischarge (insertion of lithium )
is different from the following ones which are identical to
each others. It corresponds to an irreversible transformation
of the precursor leading to an amorphous lithiated new mate-
rial (as determined from its X-ray diffractogram (XRD)),
that further de-intercalates and re-intercalates Li with aimost
no evolution from one cycle to the other. In the following,
precursors and amorphous oxides will be denoted as LIMVO,
and Li MVO,, respectively, to avoid any confusion.

This current—voltage behavior corresponds in fact to Li
insertion in both the active material and the carbon black
(mixed with the material to prepare the electrode). After
substraction of the latter contribution {20] (it corresponded
to less than 4% of the total capacity) according to a method
described in Ref. [21], the /-V curves were integrated and
the intrinsic capacity of the materials was expressed as the Li
composition per formula unit. Such V-x curves obtained for
the different materials in the optimized voltage range are
compared in Fig. 2. According to the nature of M, either 1 or
2 or 4 electrochemical processes are observed for Li MVO,
materials (after the first discharge) in the whole voltage
range, with quite a large polarization. A striking result is the
very large Li composition in all materials (about Li;MVOQ,)
at the end of discharge and the large amount of Li reversibly
extracted during the charge (5 to 6 Li per formula unit).

The main parameters characterizing the materials as the
negative electrode of an Li battery were determined from
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Fig 1 Current vs voltage curves obtained for LiCoVO, composite electrodes at the three first cycles, measured by cyclic voltammetry at 50 mV/h between

0.25 and 2.6 V. The nth discharge and charge are respectively denoted #D and nC
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Fig 3 Dependence of the reversible specific capacity (calculated with
respect to the total mass: active material + carbon black ). Fig. 3(a) (at first
charge (+) and second discharge: (x)), the capacity loss at tirst cycle
tFig. 3(a) (@)) and the average Li insertion (Fig. 3(b)) ( + ) and extrac-
tion (Fig. 3(b}): (x) voltages on the nature of M 1n Li, MVQ, Note that
the capacity loss at first cycle was calculated from the comparison of the
first discharge of the precursor compound and the first charge of the amor-
phous oxide prepared 1n situ during the first discharge

previous experiments: they are summarized in Fig. 3. The
performance vary slightly with M:Co; Cd-based compounds
show the lowest initial capacity loss, LINiVO, gives the larg-
est capacity and LiZnVO, delivers the lowest voltage. Very
large reversible specific capacities are obtained indeed, larger
than 800 Ah/kg for LIMVO, (M =Co, Ni), more than twice
that of graphite. It corresponds to volumic capacities larger

than 3500 Ah/1 ( per liter of active material alone ), 4.7 times
that of graphite.

3.2. Cvycling behavior

Previous experiments correspond to very slow cycling
rates. The cycleability over more than 100 cycles was then
tested in galvanostatic mode and under more rapid conditions
(cycling rate greater than C/10), compatible with applica-
tion. For such experiments, the carbon black content of the
composite electrodes was increased in order to enhance the
electronic conductivity of the electrodes.

Some parameters were found to have a drastic influence
on the cycleability of the electrodes. Fig. 4 compares the only
influence of first discharge rate on further cycling behavior.
A first discharge at a very low rate leads to the best result.
These data show (i) that the irreversible transformation of
the precursor has a slow kinetics and then needs time ( several

N
Qo
o

@ F ]TYIY'TTITT||}|| Il||'|I1||l I'lTl|~| :
< 600 | :
£ E T ;
:500:— ', .
e o -'. a
'6 400 E.~ '-.....(...)____ o
g b
STk Tee(b) E
.9 200:— Tt el '”—A
(% TS T P T S T
0 5 10 15 20 25 30 35 40

Cycle Number

Fig. 4. Influence of the first discharge rate on the further cycleability of a
Li,CoVO, composite electrode (mass ratio = (79:16.5) ). cycled at a rate
corresponding to 1 Li per LiCoVO, per h, between 0.02 and 2 6 V. The first
discharge rate was either (a) C/100 or (b) C/15.



D. Guvomard et al 7 Journal of Power Sources 68 (1997 692-647 695

1000

800

600

400

200

Specific Capacity (mAh/g)

H 1 !
0 20 40 60 80 100
Cycle Number

Fig. 5 Influence of an in situ electrochemical treatment ( see text) (a) after
treatmentor ( b) without treatment on the further cycleability ot anLi, ZnV Oy
composite electrode (mass ratio = (65.30:5) ). cycled at a rate correspond-
ing to t Li per LiZn VO, per h. between .02 and 3 9V, after a first discharge
at C/60 rate.

tens of hours) to be completed. and (ii) that a deeply trans-
formed amorphous oxide cycles better.

An in situ electrochemical treatment. consisting of 20 dis-
charge/charge cycles in the 2.4-3.9 V range in which only a
negligible capacity is obtained, was applied after the end of
first charge. Data obtained with LiZnVQ, are shownin Fig. 5.
That specific treatment leads to a spectacular improvement
in cycleability, with a capacity that increases after several
tens of cycles. instead of remaining at a constant level. The
reason for such a result is not clear; it could come from a kind
of electrochemical grinding of the material particles. leading
to further smaller grains that present a more favorable overall
kinetics [22]. The same kind of results was observed with
other Li MVO, materials. The effect of such an in situ elec-
trochemical treatment on the cycling behavior of the elec-
trodes should also be tested in the case of other oxide and
non-oxide materials. including positive electrode malerials.

The cycling behavior of the electrodes, tested between 0.02
and 3.9 V over more than hundred cycles at a cycling rate
close to C/6 is compared in Fig. 6. No optimization of the
particle size or morphology was applied to get such a behav-
ior. The capacity decreases over the first 10 to 100 cycles and
then increases for those electrodes that were subjected to the
above electrochemical treatment. The Zn- and Ni-based com-

pounds still deliver capacities greater than 600 Ah/kg after
150 cycles.

3.3. Characterization of lithiated oxides

Amorphous L1 MVO, oxides are lithiated up to about 8 Li
per formula unit. The existence of such large Li compositions
and the possibility to reversibly extract Li from these samples
raises important basic questions dealing with structural
aspects and electronic transfer. To get answers, samples with
different Jithium contents were prepared electrochemically
and characterized using local techniques such as XAS and
EELS.

The nickel k-edge XANES (X-ray absorption near edge
spectroscopy) images and [, ; EELS spectra of the different
samples were very similar and then did not allow any evalu-
ation of the Ni oxidation state and local environment as a
function of the Li content. It seems very qualitatively that Ni
was almost not affected by the electrochemical processes.

On the contrary. the vanadium k-edge XANES spectra
were very dependent on the Li content. The XANES spectra
at vanadium k-edge of Li,NiVO, samples with different Li
contents are shown in Fig. 7. The pre-edge peak (5470 eV)
intensity drastically decreases as soon as the first Li (per
formula unit) is intercalated in the material, showing that the
vanadium site is no longer tetrahedral. This is very likely a
consequence of a vanadium reduction. This reduction pro-
ceeds when x increases. as indicated by the shift to lower
energies of the absorption edge (in the 5475-5485 eV range ).
Simultaneously, the pre-edge peak intensity varies. It remains
much weaker than for the starting compound but not negli-
gible, thus indicating that the vanadium site is likely octa-
hedral. but rather distorted. Consequently, an evaluation of
the vanadium average oxidation state ( AOS) from the edge
position would not be very accurate.

Qualitative comparison of spectra measured on samples
obtained after different electrochemical treatments clearly
shows that the initial compound is not restored after one
discharge/charge cycle, but that one and a half cycle (dis-
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charge/charge/discharge) leads to the same material as after
the first discharge. This result is in accordance with XRD and
electrochemical data, that demonstrated an irreversible trans-
formation of the precursors during the first discharge and
further cycleability of amorphous oxides.

EELS spectra were recorded for lithiated oxides. The
energy position of the vanadium /; edge was used to deter-
mine the vanadium AOS, by comparison with standards [ 23].
The results. reported in Fig. 8. show an important reduction
of vanadium cations upon Li insertion. However, the AOS
remains higher than expected from the number of Li inserted
per formula unit.

Li k-edge EELS spectra show that the position of the edge
depends on the Li content of the material. A correlation
between the edge energy and the ionisation state of Li has
already been demonstrated in some compounds [24]. On
account of this, the a coefficient describing the electronic
transfer from Li to the host matrix was determined from a
direct measurement of the Li k-edge energy. An arbitrary
linear scale was used, taking « as equal to 0 and 1 for the
energy measured with Li metal and Li,S. respectively. Fig. 9
shows a continuous decrease of o versus x which indicates
that the electronic transfer from Li to the host matrix
decreases with increasing x in Li,NiVO,.

4. Discussion of the insertion mechanism

A major question is to know if the Li incorporation mech-
anism corresponds to a destruction of the initial structure
leading to Li,O and M and V metals. as was demonstrated
for LigFe.O; [25]. The same mechanism was also observed
for many chalcogenides: (y-Li MX, ‘phases’ (M =Mo. W,
X =3, Se or Te; x> 1) contain in fact mixtures of Li.X and
metallic M [26]). In such a case, partial Li extraction from
lithiated samples was observed and interpreted as a partial
reconstruction of the initial structure by diffusion of the metal
back into the oxygen network [25].

Data presented in this paper clearly show that Li *incor-
poration/extraction” process in the series Li MVOQ, is not a
destruction/reconstruction mechanism for the following
reasons:

(1) Electrochemical data obtained at very low rate do not
present a plateau during the charge, corresponding to the
Gibbs free energy formation of Li,0, as was the case for Li.X
(X=S, Se, Te) in chalcogenides [26]. Moreover, fast
cycling rates (1 Li per LIMVO, every | h) lead to very large
capacities (6 Li per LiIMVQ,) over several hundreds of
cycles.

(ii) XRDs were characterized by an amorphous compound
and did not show broad lines corresponding to Li,O. as was
the case for Li,X in chalcogenides [26].

(iii) XAS and EELS data indicate the absence of Ni and/
or V metals in the lithiated compounds. All particules ana-
lyzed by EELS were homogeneous.

The large reversible capacity values measured for
Li,MVO, amorphous oxides correspond to large differences
in Li compositions, such as Ax > 6.5. Such large values were
never reported for oxides in the literature up to now. The Li
‘incorporation/extraction” process in the series Li MVO, is
then believed to be different from a classical topotactic inter-
calation reaction. Further studies are needed to understand
such a mechanism.

5. Conclusions

The Li,MVO, (M=Co, Ni, Cd, Zn) amorphous oxides
were prepared by a two-step process: (1) solid-state synthesis
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of LiMVO;, crystallized precursors at 500 °C in air, (ii) fol-
lowed by an electrochemical lithiation in a lithium battery.
They contain about 8 Li per formula unit and de-intercalate
reversibly between 70 and 90% of the inserted Li (as a func-
tion of M) over several charge/discharge cycles.

Cycling capability was tested under fast rate (faster than
C/10) compatible with application purpose. Capacities
larger than 600 Ah/kg (calculated with respect to the total
mass: active material + carbon black), over more than 100
cycles, were achieved with Zn- and Ni-based materials.

Ex situ XAS and EELS studies, at V and Ni absorption
edge of lithiated samples, indicated that vanadium AOS
regularly decreases down to about 2.6 and that Ni average
oxidation state remains close to 2, when Li was inserted in
LiINiVO, materials up to 8 Li per formula unit. Such AOS
values are reasonable. in accordance with the crystal chem-
istry of Ni and V oxides. Energy of Li k-edge electron absorp-
tion allowed to determine the « coefficient describing the
electronic transfer from Li to the host matrix: results show a
decrease in charge transfer when the Li content increases,
compatible with the AOS. still quite high, of transition ele-
ments in lithiated compounds.

The amorphous oxides with the formulation Li MVO,
(1 <x<8and M =Co, Ni.Cd,Zn) seem to be anew category
of intercalation compounds with a very high capacity at low
voltage. They could be interesting candidates as the negative
electrodes in very high capacity Li-ion batteries delivering a
lower output voltage than carbon-based batteries.
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