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Transition metal oxides represent a new type of anode materials for lithium-ion batteries. Due to their
high capacity (usually above 700 mAh g-1) and excellent cycleability, they have attracted much attention in
recent years. Regarding the electrochemical reaction mechanism for this type of electrode, the conversion
reaction mechanism proposed by Tarascon and co-workers is widely accepted, i.e. MOy + 2xLi = M + xLi,O.
Nevertheless, in our recent explorations, we have found some new phenomena which may help us to
further understand the electrode reaction mechanism, and even pose a necessity to modify the current
conversion reaction mechanism. These new phenomena can be summarized as electrochemical milling,
capacity rise and no-metal-formation effects.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Some transition metal oxides (FeO, CoO, NiO, CuO and so on)
can reversibly react with lithium in lithium batteries and might
be used as anode materials for lithium-ion batteries [1-6]. These
transition metal oxides usually exhibit a large rechargeable capac-
ity; for example, the capacity of CoO can reach 700 mAh g-!, more
than twice of that for graphite, which is widely used in com-
mercial batteries [7-9]. In addition, these materials also show
an excellent cycleability; they can be cycled for hundreds of
times with little capacity fading [10,11]. For comparison, silicon,
which is another anode material, also has a very high capac-
ity, but its cycleability is very poor due to the volume inflation
during lithium intercalation [12,13]. Therefore, transition metal
oxides are the potential candidates for high energy lithium-ion
batteries.

Different from the classic intercalation materials, such as
LiCo0O,, these oxides have no suitable vacancies in their crystal lat-
tices to store lithium ions. Tarascon’s group [1] has demonstrated
by X-ray and electron diffraction that this material undergoes a so-
called conversion reaction and forms metal/Li; O nanocomposites.
Their study was first published in Nature in 2000, and up to now, this
conversion mechanism has been widely accepted [ 14-17]. Recently,
in our own explorations, some new phenomena have been found,
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which may help us to further understand the electrode reaction
process, and even pose a necessity to modify the current conversion
reaction mechanism. These new phenomena can be summarized
as electrochemical milling, capacity rise and no-metal-formation
effects. In this paper, we present the relevant experimental results
and discussion and hope to stimulate investigations on this kind of
exciting anode material.

2. Experimental

The transition metal oxide electrodes were respectively made
into a laminate form by tape-casting method, a thin-film form by
electrostatic spray deposition (ESD) and a nanofiber form by elec-
trospinning method.

A slurry consisting of 40 wt% MnO, (from Merck, 90%), 30 wt%
polyvinylidene fluoride (PVDF) and 30 wt% carbon black was cast
on a copper foil and was dried in the dry box to make anodes
for 2032 coin cells. The cells were assembled in an argon-filled
glove box with Li sheets as counter electrode and 1mol LiPFg
solution in 1:1 ethylene carbonate:diethyl carbonate as the elec-
trolyte. The cells were cycled on a multi-channel battery test system
(NEWARE BTS-610) between 0 and 3 V at a constant current density
of 0.2mAcm~2.

Thin films of Cu-Li-O (Cu:Li=1:1) composite electrodes sup-
ported on nickel foam and copper foil substrate were prepared
under optimized conditions at 250 °C by the well-established elec-
trostatic spray deposition technique. The precursor solution was
made by dissolving copper acetate and lithium acetate in butyl car-
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bitol. A distance of 4-5cm was kept between the needle and the
substrate. The applied voltage was 10-18 kV.

A typical electrospinning method was adopted to fabricate car-
bon fiber or C/Fe3 04 fibers. Polyacrylonitrile (PAN) (M.W. ~ 86,000)
was dissolved in N-N-dimethylformamide (DMF) to form a polymer
precursor, which was used to prepare carbon nanofiber. Also, ferric
acetylacetonate (Fe(acac), ) was added into the polymer solution as
a precursor for electrospinning of C/Fe304 fibers. The electrospun
fibers were pre-oxidized at 240 °C in air for 6 h. Then, pure carbon
and C/Fe304 composite nanofibers were obtained by a subsequent
annealing (carbonization) at 600°C in argon for 10 h. Finally, the
carbon-based nanofibers were cast on a copper foil with a PVDF
binder to prepare the electrodes. The weight ratio of the active
materials and the binder was controlled as 10:1.

The morphology of thin films and fibers was examined with a
scanning electron microscope (SEM, Hitachi X-650 and LEO 1530
Gemini). Electron energy loss spectra (EELS) were recorded from a
Zeiss 912 microscope operated at 120 kV with an in-column Omega
energy filter. Energy loss was calibrated before measurement using
a standard NiOy sample to the peak of Ni-L; edge at 854 eV. All
spectra were recorded using a parallel-mode with a spectral mag-
nification of 163 x. The energy resolution was about 1.8 eV with an
energy dispersion of 0.12 eV pixel~1. TEM images and selected area
electron diffraction (SAED) patterns were obtained from Tecnai F20
operating at 200 kV. The cells for EELS and TEM were disassembled
inanargon-filled glove box. The electrodes were washed with anhy-
drous dimethyl carbonate (DMC) to remove the electrolyte residues.
The samples were milled in 1-methyl-2-pyrrolidone (NMP) and
dropped on holey carbon grids. The grids were immediately trans-
ferred to electron microscope after being taken outside from the
glove box (less than 5 min).

3. Results and discussion
3.1. Electrochemical milling effect

The most interesting phenomenon of transition metal oxides
working as the anode materials for lithium-ion batteries is the
electrochemical milling effect. After lithiation, the bulk particles
of the electrode can be degraded into nanoparticles. To make this
powderization process more distinct, the nanofibers of pure car-
bon and C/Fe304 composite were obtained successfully via an
electrospinning method followed with a subsequent carbonization
process (Fig. 1a) [18]. The electrospun nanofibers of pure carbon
and C/Fe304 composite behave differently after electrochemical
cycling: the pure carbon retains its morphology (Fig. 1b), whereas
the composite containing Fe304 becomes powderized (Fig. 1c).
Such a powderization or electrochemical milling effect has also
been found in other studies when a transition metal oxide is used
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Fig. 2. Electrochemical performance of Cu,0-Li,O (Li:Cu=1:1) thin-film electrodes
cycled between 0.01 and 3V vs. Li*/Li: voltage profiles. The current density was
0.1 mAcm~2 (about 1C).

as the anode. In our previous study [19], we have found that
the powderization process and the morphology of final products
are associated with the cycling temperature. Thus, it is believed
that the small diffusion coefficient of lithium in metal and Li,O
can be accounted to understand this effect. To avoid the difficult
diffusion of lithium within the electrode grains, fracture of the
electrode takes place in most of the grains which turns finally
into the powderization of the electrode. Once the powderization
appears, lithium ions can diffuse fast along the cracks to the sur-
face of the metal oxide particle. In the case of C/Fe304, such a
powderization effect is more severe because the presence of car-
bon (C) results in a denser morphology of the electrode fiber
(Fig. 1a).

3.2. Capacity rise effect

The other interesting phenomenon is the capacity of transition
metal oxides rise with cycling, which is very rarely observed in
the electrodes made of intercalation compounds such as LiCoO,,
LiMn;,04 and Li4Ti5015. According to the proposition of Tarascon’s
group, a gel-like film, coming from the decomposition of the elec-
trolyte at the low voltage, plays a crucial role in the capacity rise
[11]. In our case of Cuy0-Li,O (Li:Cu=1:1) thin-film electrode, it
has been also observed that its capacity rises with cycling (Fig. 2),
as fast as 0.81% per cycle, much faster than that in any other reports
[20,21]. In other words, after 120 cycles, its capacity can even reach

Fig. 1. SEM of C/Fe304 nanofiber before cycling (a) and electrodes after 80 cycles: carbon nanofiber (b) and C/Fe304 nanofiber (c).
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twice of that in the first several cycles. By examining the electronic
structure of Cu,0-Li,0 after 50 cycles (charged to 3V), the exis-
tence of Cu(lIl) is detected, suggesting that Li,O can work as an
oxidant and participate into the cycling as the following reaction:
Cuy0 +Li» 0 < 2Cu0 +2Li. Similar phenomenon has also been found
in the CoO-Li, 0 composite electrode, which has been reported by
our group previously [8].

3.3. No-metal-formation fact

In fact, the two aspects (electrochemical milling effect and
capacity rise effect) mentioned above have been reported by us
and other groups before. The main point in this paper is to intro-
duce another phenomenon, where the transition metal oxide does
not follow the conversion reaction mechanism to form elemental
metal. One example is 3-MnO,. Fig. 3a is the SEM image of 3-
MnO, and the inset is its X-ray diffraction pattern (space group:
P4, /mnm), which is different from the y-MnO; used in primary
MnO,/Li battery [22]. The charge-discharge voltage profile of 3-
MnO, is shown in Fig. 3b. Two plateaus, at 0.65 and 0.29V, are
observed in the first discharge process. The first plateau at 0.65V
is related to the lithium intercalation into carbon black, which is
added to enhance the electronic conductivity when preparing the
electrode, and according to the study of Takei et al., this plateau
is irreversible and can only be observed in the first cycle [23].
Following the first plateau associated with carbon black, there is
a long and quite flat plateau at 0.29V, which should come from
the reaction(s) between lithium and 3-MnO,. By subtracting the
capacity from carbon black, there is about 4 mol Li reacting with
[3-MnO,, which seems to completely reduce MnO; to Mn, just fol-
lowing the conversion mechanism. However, the plateau at 0.29V
is much lower than the theoretical calculation result of the reduc-
tion plateau (at 1.703V, according to the Gibbs energy change of
the reaction: MnO, +4Li < Mn + 2Li, O). Moreover, by means of EEL
spectra, we examined the electronic structures of 3-MnO, at differ-
ent charge-discharge states. Surprisingly, the results quite conflict
with the conversion mechanism. Fig. 3¢ shows the EEL spectra
of Mn L-edge for B-MnO, discharged to OV and some reference
manganese oxides (Mn, MnO, Mn;03, LiMn,04 and [3-MnO,). In
comparison with the energy loss of EEL spectra for reference sam-
ples with different valence states of Mn, the valence of Mn in the
full-lithiated 3-MnO, is between +2 and +3. Astonishingly, this
EELS result implies that 3-MnO, is only partially reduced, even
after the apparent full lithiation, corresponding to 4 mol Li reacting
with 3-MnO;. Obviously, this phenomenon cannot be explained
by the traditional conversion mechanism. Nonetheless, the phe-
nomenon of partial reduction of transition metal oxides, even
after reacting with a large amount of lithium, which is enough
to totally reduce the oxides to metal, is not unique. Similar phe-
nomena have also been reported in MnMoO,4 and MnV,07 systems
[24,25], where the valence of Mn changes from +4 to +2, and the
valence of V changes from +5 to +3 after full lithiation, corre-
sponding to forming Li;;MnV,07; compound. For there are only
two valence states of Li (0 and +1), to achieve the valence bal-
ance, Piffard et al. [24] proposed that only 50% charge of Li can
transfer to MnV,05. Besides the transition metal oxides, vana-
dium diphosphide (VP;), whose electronic structure has not even
changed during lithiation, was also reported by Gillot et al. recently
[26].

To determine the final structure of 3-MnO,, after full lithiation,
TEM and SAED analyses were carried out and the TEM image and
SAED pattern are shown in Fig. 4. After being discharged, the bulk
3-MnO, particles are degraded into nanoparticles, with a diame-
ter of about 5 nm, which also confirms the electrochemical milling
effect on 3-MnO,. By indexing the SAED pattern (the inset), the
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Fig. 3. (a) SEM image of 3-MnO, and its XRD pattern (the inset); (b) the
charge-discharge voltage profile of 3-MnO,/Li cells; (c) EEL spectra of Mn L-edge for
full-lithiated B-MnO,, (to 0V) and the reference manganese oxides with difference
valence states.

final composition of full-discharged 3-MnO, is LiMn30,4 with lat-
tice constants a=6.022 and c=9.011 A (space group: 14, /amd, JCPDS
38-0298). For the first strongest diffraction dot from (01 1) facet,
as indexed in Fig. 4 inset, is with a large distance (d(11)=5.007 A),
it is easy to differentiate LiMn3 04 from other manganese oxides or
even Mn. For example, the distances of the first strongest diffrac-
tion dots of 3-MnO, (P4,/mnm), Mn;03 (Ia3), MnO (Fm3-m)
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Fig. 4. TEM image and SAED pattern of full-lithiated 3-MnO,.

and Mn (14-3m) are 3.114, 2.722, 2.581 and 2.101 A, respectively.
Thus, it is clear that B-MnO, undergoes such a reaction during
discharge:

MnO, + 3Li = $LiMn304 + £Li>0

51/nm
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However, this reaction can only assume 5/3 mol Li, much less
than the experimental assumption (4 mol Li). Then, where are
the excess lithium sources and how do they exist in lithiated -
MnO,? Herein, we incline to use the interfacial storage mechanism
proposed by Maier’s group [27-30]. Nevertheless, somewhat dif-
ferent from the traditional interfacial storage model, where only a
small amount of lithium can be stored on the interface (usually
less than 1 mol), our model needs the interface to store a large
amount (7/3 mol, at this moment we omit the lithium consuming
for forming solid-state electrolyte interface). The thickness of the
lithium storage on the interface can be simply evaluated using the
core-shell model:

7 (4/3)7R® x prmn;0, 1

5 LA/3)mR + 1)° — (4/3)7R%] < pui
3 Mtimn;o,

My

Wl

the mole ratio of LiMn304 and interfacial lithium is 1/3 to 7/3, the
total reaction should be

MnO, + 4Li = 1LiMn304 + 2Li,0 + JLi

where R is the radius of LiMn3 04 nanoparticles (assuming 2.5 nm)
and ris the thickness of the lithium stored on the interface, whereas
P(LiMn;0,4) and () can be calculated according to their cell volumes.
The calculation result of r is 0.52 nm. Considering the light atom of
lithium and the bombarding effect of electron on lithium, for which
even the metallic lithium appears “boiled” during TEM observa-
tion at 200kV [31], it is hard to observe this thin film of interfacial
lithium storage. On the other hand, the conversion reaction mech-
anism is built on that the reduced metal nanoparticles can work
as a catalyst to decompose Li,O in the following charge process.
However, in our case, it is hard to believe that LiMn3 04 can play the

Fig. 5. Comparison of the SAED patterns of (a) full-lithiated 3-MnO, (to 0V), (b) partial delithiated 3-MnO, (to 1.8 V) and (c) full-delithiated 3-MnO, (to 3 V).
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556 C. Chen et al. / Journal of Power Sources 189 (2009) 552-556

same role as those metal nanoparticles. Therefore, it is necessary
to study the following charge process of lithiated 3-MnO,.

The SAED patterns of 3-MnO>, at the different charge-discharge
states are shown in Fig. 5. During delithiation, the distances of lat-
tice planes are almost without any change (the composition is still
LiMn304) and the whole SAED pattern at 1.8V keeps the same
as that at 0V. Obviously, the conversion reaction mechanism can
not explain this phenomenon. Furthermore, the amount of cycling
lithium of 3-MnO>, in the charge process (to 1.8 V) is about 2 mol,
which is almost equal to the lithium amount storage on the inter-
face (7/3 mol, the slight difference might be due to the formation
of solid-state electrolyte interface, which can also consume some
lithium source.). Therefore, we propose that the lithium storage on
the interface by charge transfer plays a crucial role in the cycling
lithium storage. In addition, it is also observed that when the cell
is charged to 3V, the angle between (224) and (-2 2 0) tilts from
90° to 77°, indicating that the crystal structure of LiMn30,4 under-
goes a monoclinic or triclinic transition. By carefully studying the
charge voltage profile of 3-MnO, (Fig. 3b), we can find that there
is a shoulder when the charge voltage is beyond 2V, probably cor-
responding to the lithium extraction from LiMn30y4. The lithium
extraction leads to the structure failure of LiMn3 04, because simi-
lar phenomenon is also found in LiCoO, system, where the crystal
structure of LiCoO, can change from hexagonal to monoclinic when
the voltage is beyond 4.2 V [32]. For the amount of lithium extracted
from LiMn3 04 is small, the electronic structures of Mn and O do not
show too much difference from those at 0V, confirmed by the EEL
spectra as shown in Fig. 6.

4. Conclusions

We briefly summarizes our recent findings of electrochemical
milling and capacity rise effects on the study of transition metal
oxides working as the anode materials for lithium-ion batteries,
then focus to study the reaction process between 3-MnO, and
lithium in batteries. We astonishingly find that 3-MnO, is only
partially reduced to LiMn3Qy, instead of being reduced to Mn,
even after it has reacted with 4 mol Li. Furthermore, by SAED and
EELS study, we propose that the lithium storage on the interface of
LiMn304 plays a crucial role in the cycling lithium storage. During
the lithiation and delithiation, the LiMn30,4 host exhibits hardly
significant change. We anticipate our study can help to further
understand the reaction mechanism of transition metal oxides and
lithium in batteries.
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