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g-MnO for Li batteries2

Part II. Some aspects of the lithium insertion process into g-MnO and2

electrochemically lithiated g-Li MnO compoundsx 2
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Abstract

The first Li insertion into various g-MnO compounds, characterized by their rates of De Wolff and microtwinning defects, and the2

reversible Li intercalation process into the resulting g-Li MnO materials have been investigated. The first Li insertion into g-MnO is ax 2 2

first order reaction which occurs via a nucleation and growth mechanism. When the concentration of De Wolff defects increases, the
thermodynamic potential of this reaction decreases and its kinetics becomes slower. The resulting g-Li MnO materials exhibit a veryx 2

close structural relationship with so-called CDMO materials. The reversible Li intercalation process into g-Li MnO occurs in two stepsx 2

that both operate via a two-phase mechanism. The concentration of De Wolff defects also plays a detrimental role in the kinetics of
reversible lithium intercalation in electrochemically formed g-Li MnO . Structural characterization of materials at the end of the firstx 2

discharge have shown that g-MnO materials with a high rate of De Wolff defects are subjected to deeper structural rearrangements.2
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1. Introduction

The structure of g-MnO can be described as resulting2

mainly from two types of structural defects in a Ramsdel-
Žlite structure: intergrowth of rutile-type structural units Pr

.is the rutile concentration and packing faults correspond-
Ž .ing to microtwinning Mt is the amount of microtwinning

w x1–3 .
g-MnO compounds are good candidates as the positive2

electrode for rechargeable lithium batteries, due to their
high intercalation voltage, low cost of raw material and
non-toxicity. Prior to this use, they must be dehydrated and
after this treatment they are usually referred to as HTMD
Ž .Heat Treated Manganese Dioxides . Structural evolutions
occurring during electrochemical insertion of lithium in
g-MnO compounds have been studied by several authors2
w x4–8 . However, it is quite difficult to compare all these
previous results because of a lack of structural characteri-
zation of starting compounds and lithiated phases obtained
after intercalation.

) Corresponding author

By heating g-MnO materials in air with a lithium salt2

at 300–4008C, lithiated MnO materials, also called2
Ž .CDMO Composite Dimensional Manganese Oxide , are
w xobtained 8–13 . They correspond to a mixture between a

majority phase, whose lithium content does not exceed
Ž0.33 LirMn, and a minority phase of spinel type andror

.Li MnO . This mixture, with a Li:Mn ratio of 3:7, is2 3

considered to be a promising cathode material for
rechargeable lithium batteries in view of its relatively high
specific capacity and long-term cyclablity.

This paper is intended to characterize the lithium inter-
Žcalation process mechanism, kinetics and thermodynamic

.parameters into g-MnO and g-Li MnO compounds.2 x 2

Different techniques have been used including: electro-
Žchemistry cyclic voltammetry, chrono-amperometry, gal-

.vanostatic cycling and simulation of X-ray diffraction
patterns.

2. Experimental

ŽElectrodeposited g-MnO EMDs prepared according to2
Ž .the conditions described in a companion paper see Part I

Žand HTMD materials prepared from these EMDs and
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Ž ..from a CMD obtained from Sedema , were used for the
electrochemical studies. Their characterization in terms of

Žphysico-chemical parameters y and n, in the general
. Žformulation MnO , nH O and structural parameters con-y 2

centration of de Wolff defects Pr and amount of mi-
.crotwinning Mt is also described in Part I.

Electrochemical lithium insertion and cell cycling were
performed in Swagelok test cells monitored by a Mac-Pile

w xsystem in potentiodynamic and galvanostatic modes 14 ,
using metallic lithium as the negative electrode. The posi-
tive electrode was prepared by deposing on 5–10 mg of a

Ž .mixture on an Al current collector typically containing
85 wt.% of g-MnO , carbon black and polyvinylidene2

Ž .fluoride PVDF being the other components of the com-
posite electrode. A 1 M solution of LiPF in ethylene6

Ž . Ž . Ž .carbonate EC and dimethyl carbonate DMC 75:25
Ž .was used as the electrolyte. Slow scan rates 20 mVrh in

potentiodynamic mode and Cr6 rate in galvanostatic mode
were used for electrochemical studies. To investigate the
lithium insertion mechanism into g-MnO , chrono-2

amperometric measurements were carried out. This princi-
ple consists of linearly varying the voltage with time, step
by step and analysing the current evolution during every
step. All voltages given in the text are reported vs. the
reference LiqrLi.

Ž .X-ray Diffraction XRD patterns were recorded on a
Siemens D5000 diffractometer using Cu Ka radiation, and

w xsimulated with the use of the Diffax program 15 .

3. Results and discussion

3.1. Electrochemical characterisation at the first insertion

3.1.1. Comparison of curÕes U–x between a g-MnO and2

a CDMO compound
Fig. 1a depicts the typical electrochemical intercalation

behaviour of a HTMD sample with ys2, during the first
lithium insertion–deinsertion cycle. As already mentioned

Žin Part I, it shows that a first order reaction otherwise said
.a two-phase mechanism occurs during the first discharge

down to 2 V, leading to a new lithiated phase. During the
second discharge, we clearly observe two distinct redox
phenomena: the first one at about 3.4 V and the second at
3 V. This highlighted observation is a new result. In
previously published works, capacity at 3.4 V was rarely
utilised, consequently, low capacity and long-term cycla-
bility were obtained, but with an important loss of capacity
after the first cycle.

Ž .CDMO is electrochemically characterized Fig. 1b by
two reversible redox phenomena: an insertion of lithium at
3 V during the first discharge, then a larger reversible

Žprocess with two steps which take place at 3.4 and 3 V at
.the following discharge . This gain of capacity, with an

insertion process at about 3.4 V during the second dis-
charge, is in agreement with the fact that chemically

Ž . Ž . Ž .Fig. 1. Curve U – x of a a g-MnO Prs45%, Mts8%, ys2 and b2

a CDMO compound, in the 2–4 V range, with a 20 mVrh scanning rate.

pre-inserted lithium can be extracted during the charge at 4
V and re-intercalated at about 3.4 V in reduction.

ŽElectrochemical behaviors described in Fig. 1a after
.the first discharge and b show important similarities. This

observation suggests a very close structural relationship
between the lithiated phase obtained after the first Li
insertion into a HTMD and a CDMO, as already men-

w xtioned in Ref. 8 . It was then decided to call g-Li MnOx 2

the electrochemically lithiated materials obtained from g-
MnO .2

3.1.2. Insertion mechanism
Fig. 2 depicts a typical chrono-amperometric curve of

the first lithium insertion in a g-MnO . The curve shows2

many points corresponding to the current evolution during
every voltage step. The whole set of points draws an

Ž .asymmetric peak. The current increases in absolute value
during some steps vs. time in the peak ascent. This be-
haviour of current is in agreement with a first order

w xtransformation 16 .
The difference between the monitored voltage V and

Žthe initial voltage V of the two-phase mechanism ther-onset
.modynamic potential is the parameter which controls the

insertion reaction rate. An increasing current, at constant
voltage, means an increase of the overall transformation
rate. If we assume that the current is constant per surface

Žarea unit of boundary phases because of a constant Vy
.V driving force, this increasing current can be inter-onset

preted as an increase of the surface area of the phase
interface, such as by a nucleation and growth mechanism,
i.e., a kind of initial adaptation of materials.
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ŽFig. 2. Chrono-amperometric curve of a g-MnO Prs97%, Mts3%,2
.ys2 during the first discharge, in the 2–4 V range and with a 20 mVrh

scanning rate.

3.1.3. Thermodynamic study
The extrapolation from ascending linear I vs. V varia-

tion to zero current, from the chrono-amperometric curves,
leads to the determination of the thermodynamic potential
of the first order transformation g-MnO rg-Li MnO .2 x 2

Due to the nucleation and growth mechanism, the shape of
the curves makes difficult to evaluate V preciselyonset

because of increasing current at every voltage steps. How-
ever, qualitative measurements on various g-MnO sam-2

ples show the effect of Pr to be significant as illustrated in
Fig. 3. A continuous evolution of the V voltage with Pronset

values is observed. The thermodynamic potential is much
lower as Pr value increases. Consequently, the initial adap-
tation of materials, which contain many Pr defects, is more
difficult. This result suggests that the transformation starts
within the Ramsdellite units of the structure, which are
thermodynamically more favourable than pyrolusite units.
On the other hand, none regular variation with Mt values
was noted.

Fig. 3. Evolution of the thermodynamical voltage V with Pr values,onset

during the first discharge, with a 20 mVrh scanning rate.

Table 1
Influence of time on the lithium insertion capacity for the first discharge
of two HTMD samples

Ž .Pr, Mt Capacity mA hrg

Discharge in 6 h Discharge in 100 h

45, 8 240 262
95, 3 182 260

3.1.4. Kinetics of the transformation
In order to evaluate the influence of Pr on the kinetics,

we examined the effect of a large change of discharge time
on the first lithium insertion capacity into HTMD samples

Ž .with similar physico-chemical parameters ys2 . Only
structural parameters differ between the samples given in
Table 1, with however very close Mt values. When the
discharge time decreases, the lithium insertion capacity
decrease is more important for the sample with a high Pr
value.

3.2. Electrochemical characterisation upon cycling

An analysis of the shape of the first discharge I–U
Žcurves for every g-Li MnO samples corresponding tox 2

.the second discharge from starting g-MnO compounds2

shows that the electrochemical behaviour of electrochemi-
cally prepared g-Li MnO compounds depends on thex 2

physico-chemical and structural parameters of the starting
g-MnO .2

3.2.1. Influence of y on the Õoltage and intercalation
capacity of g-Li MnOx 2

The electrochemical behavior of g-Li MnO materialsx 2

obtained from starting g-MnO with different oxygen2

contents is illustrated in Fig. 4 which presents voltammo-
grams of two materials with similar structural parameters.
The position of peaks, associated with the 3 and 3.4 V
phenomena, appears at a higher voltage as the oxygen
content y increases. This effect is more marked for the
first reduction peak, from 3.1 up to 3.4 V. Materials with

Fig. 4. Curves I –U of the first discharge for two different g-Li MnOx 2

compounds obtained from two different g-MnO with ys2 and ys1.96,2

in the 2–4 V range with a 20 mVrh scanning rate.
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y-2 exhibit a smaller capacity for the process at U)3 V
and then a smaller total Li insertion capacity.

3.2.2. Intercalation mechanism in g-Li MnOx 2

Opinions differ about the lithium intercalation mecha-
w xnism in the g-Li MnO phase. Ohzuku et al. 4 claimsx 2

that the lithium intercalation occurs in a single phase with
w xtypical NiAs structure. David et al. 5 also proposes an

intercalation in a single lithiated phase, but corresponding
to an intergrowth between a very distorted Ramsdellite

w xtype structure and spinel structure. Whilst Levi et al. 8
proposes a biphasic lithium intercalation process.

Informations about the intercalation mechanism were
inferred from an analysis of the chrono-amperometric
curves, as in the case of the g-MnO rg-Li MnO trans-2 x 2

formation. A similar analysis was done for each phe-
Ž .nomenon 3.4 and 3 V in order to identify the kind of
Ž .mechanism mono or biphasic during the intercalation,

and for the case of a biphasic mechanism, the nature of the
Žeffect which limits the kinetics diffusion in the forming

.phase or rate of displacement of the interphase zone .
Fig. 5 shows the second discharge curve from starting

g-MnO with Prs45%, Mts8% and ys2. The two2

redox phenomena show asymmetric peaks which are char-
w xacteristic of a two-phase intercalation process 16 ; this

result is confirmed by X-ray diffraction experiments. For
the first one at 3.4 V, a constant current is observed during
each voltage step in the ascending part of the peak,
indicating a kinetics limitation by the displacement rate of
the interphase zone. On the other hand, at 3 V, the
decreasing current observed during each voltage step in the
ascending part of the peak indicates a limitation of the
lithium diffusion through the new forming phase.

The second discharge curve from starting g-MnO with2

Prs95%, Mts3% and ys2 was analyzed in the same
way. The two redox phenomena correspond to transforma-
tions that operate by a two-phase mechanism, and in both

Ž .cases 3.4 and 3 V , a limitation of the lithium diffusion
through the new forming phase is observed.

Fig. 5. Chrono-amperometric curves of the first lithium intercalation in
g-Li MnO obtained from a g-MnO with Prs45%, Mts8% andx 2 2

ys2, with a 20 mVrh scanning rate.

Table 2
Influence of time on the lithium insertion capacity for the second
discharge of two HTMD samples

Ž .Pr, Mt of starting g-MnO Capacity mA hrg2

Discharge in 6 h Discharge in 100 h

45, 8 170 220
95, 3 132 200

3.2.3. Kinetics of the intercalation
The Pr influence on kinetics during the second dis-

Ž .charge for the same starting g-MnO was studied as2
Ž .mentioned above during the first discharge by examining

the effect of a large change of discharge time on the
Ž .lithium insertion capacity Table 2 . When the discharge

time decreases, the lithium insertion capacity decrease is
more important for the sample with a high Pr value. This
result shows that Pr parameter also plays a role in the
kinetics of reversible lithium intercalation in electrochemi-
cally formed g-Li MnO .x 2

3.3. Structural characterisation of g-Li MnOx 2

Structural characterization of materials at the end of the
first discharge was carried out for two specific different
cases:

a g-MnO material whose starting characteristics are2

quite similar to those of natural Ramsdellite: Prs45%,
Mts8% and ys2;
a g-MnO material whose starting characteristics are2

very close to those of Pyrolusite: Prs97%, Mts3%
and ys2.

Ž .Fig. 6. a XRD patterns collected before and after the first lithium
Ž .insertion into a g-MnO with Prs45%, Mts8% and ys2. b XRD2

pattern calculated by simulating De Wolff defects in a g-Li MnO0.9 2
w xRamsdellite type structure 11 .
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Ž .Fig. 7. a XRD patterns collected before and after the first lithium
Ž .insertion in a g-MnO with Prs97%, Mts3% and ys2. b XRD2

patterns calculated by simulating De Wolff defects in Li MnO and0.5 2
w xLi MnO Ramsdellite type structures 11 .0.9 2

3.3.1. Characterization of the g-MnO with Prs45%,2

Mts8% and ys2, after the first lithium insertion
For the first case, Fig. 6a depicts the X-ray powder

pattern before and after the first lithium insertion down to
2 V. A simulation of the X-ray diffraction pattern, taking
into account the presence of de Wolff defects in a lithiated
Ramsdellite, was calculated with the use of structural

w xresults taken in Ref. 11 , for a Li content of 0.9 LirMn
Ž .and Prs20% Fig. 6b . It corresponds rather well with the

experimental pattern. In agreement with HREM investiga-
tions, one can conclude that the g-Li MnO material atx 2

the end of the first discharge contains essentially a Rams-
dellite structure, the defects being essentially of De wolff
type. No other parameters allow to give some information
about the evolution of microtwinning after the first lithium
insertion.

3.3.2. Characterization of the g-MnO with Prs97%,2

Mts3% and ys2, after the first lithium insertion
For the second case, a very poor crystallinity is ob-

Ž .served at the end of the first discharge Fig. 7a . Moreover,
HREM studies do not show ordered structural domains

Ž .within the lithiated compound. Both simulations Fig. 7b
of X-ray diffraction patterns of g-Li MnO , calculatedx 2

w xwith the use of structural results from Ref. 11 and taking
into account a Pr value of 50%, give the best agreement
with the experimental X-ray pattern. Hence, one can con-
clude that the structure is strongly modified, with probably
an important decrease of the Pr value, and the appearance
of other kinds of defects.

4. Conclusion

Electrochemical lithium insertion in g-MnO occurs via2

a two-phase mechanism leading to a new g-Li MnOx 2

phase similar to CDMO compounds. From an analysis of
the electrochemical curves for various g-MnO samples, a2

nucleation and growth insertion process has been identi-
fied. The amount of inserted lithium, structural rearrange-
ments and mechanism, during the lithium insertion, depend

Žon characteristics degree of active oxygen, structural pa-
.rameters, etc. of starting g-MnO . The higher the Pr, the2

more important structural modifications should be, leading
to a lower thermodynamic voltage and a slower first order
transformation kinetic. The higher the degree of active
oxygen, the larger the lithium content x. Comparisons of
experimental and simulated X-ray diffraction patterns indi-
cate a decrease of Pr upon the first electrochemical inser-
tion in all g-MnO samples.2

Electrochemical lithium intercalation in g-Li MnOx 2

occurs in two biphasic reversible steps. Their analysis
reveals the predominant role of the characteristics of start-
ing g-MnO . g-MnO materials whose structure is quite2 2

similar to that of Pyrolusite are subjected to deep structural
rearrangements with a kinetic of the lithium insertion
limited by the lithium diffusion through the new forming
phase, for both biphasic steps. Whilst those whose struc-
ture is quite close to that of Ramsdellite retain their
structure with a kinetics of the lithium insertion limited by
the displacement rate of the interphase zone for the first
step at 3.4 V and the lithium diffusion for the second step
at 3 V.
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