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ABSTRACT

Electrochemical data obtained from lithium cycling in LiCuMn2..O4 spinels (0.1 � x � 0.5) show a remarkable, high-
ly reversible, electrochemical cycling behavior at 4.9 V. In situ X-ray absorption near edge structure spectroscopy revealed
that this ultrahigh voltage is due to the existence of the Cu2t/Cu2 redox couple. The origin of the high stability at the 5 V
region was studied with the in situ X-ray diffraction technique. It was found that the unit cell dimension undergoes min-
imal change during charge-discharge cycles at the 5 V plateau.

Infroduction
In our earlier communications12 we reported on novel

electroactive materials, LiCu4VIn,O4 (0.1 �x � 0.5). The
electrochemical data obtained from lithium cells containing
these materials as cathodes (positive electrodes) showed
that lithium ions can be extracted from the spinel structure
in two main potential regions: the first, at the sloping region
of 3.9 to 4.3 V, was attributed to the oxidation of Mn2t to
Mn", whereas the second potential plateau, observed at 4.8
to 5 V, was assigned to the oxidation of Cu20 to Cu". These
electrochemical reactions are highly reversible, and stable
electrochemlcal cycling observed. We found that the stabil-
ity of the electrodes during cycling depended on the compo-
sition of the material, i.e., stable electrochemical cycling
was observed for electrodes with high values of x in
LiCuMn2..04. However, the composition with x =
0.5 (LiCu05Mn2 504) exhibits an overall capacity of about
70 mAhJg and of this only 25 mAh/g were obtained at the
4.9 V plateau. X-ray and neutron diffraction data along
with x-ray absorption near edge structure (XANES) spec-
troscopy showed that it is very difficult to synthesize single-
phase lithium-copper-manganese oxide spinel compounds
with a predetermined composition. These studies revealed
that the cation distribution in these spinel compounds is
extremely complex because the stability and relatively low
reactivity of CuO, compared to Li20, appears to restrict
complete incorporation of copper into the spinel structure.2

In this paper we provide evidence that the remarkable
reversible electrochemical reaction occurring at the poten-
tial of 5 V is attributable solely to the oxidation of Cu" to
Cu". In situ XANES spectra of these spinels were obtained
at the low (3.9—4.3 V) and the ultrahigh (4.8—5 V) potential
plateaus. We also conducted in situ X-ray diffraction
(XRD) measurements and evaluated the unique morpholo-
gy developed in order to detect the origin of the high sta-
bility of these novel electrodes upon cycling in Li cells.

Experimental
LiCuMn2..04 (0.1 � x� 0.5) cathode materials were pre-

pared by solid-state and sol-gel methods and were studied
electrochemically as described previously in Ref. 2. The
electrolyte composition was 1 M LiPF6 in a mixture of eth-
ylene carbonate (EC) and ethyl methyl carbonate (EMC)
(EM Industries) in a volume ratio of 1 EC:3 EMC.

In situ XRD and XANES Measurements —Li Cu5 5Mn1 504
electrodes (2.85 cm2) were assembled into cells with the use
of lithium metal as anodes (negative electrodes). The cells
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were charged and discharged at a low current density of
-50 p.A/cm2. In situ XRD measurements were conducted at
Beam Line X18A as reported in Ref. 3, and the in situ XAS
was performed at Beam Line X11A of NSLS as was de-
scribed in Ref. 4. The XRD measurements were carried out
in the transmission mode with a 10.375 keV (1,. = 1.195 A)
X-ray beam. Successive scans were recorded between 20
values of 43 to 53° as the cells were cycled. The scan in-
cluded the (333) and (511) peaks of the spinel, which coin-
cide, as well as the (440) and (531) peaks. Also included was
the aluminum (220) peak, which was used as an internal
standard. In situ XAS measurements were carried out in
the transmission mode at various stages of charge at both
the Mn and Cu K edges. Three detectors were used with a
calibration sample (Mn or Cu) for alignment of edge spec-
tra as described in Ref. 2.

Scanning electron microscopy (SEM, Amray 1810) was
used to examine the morphology of the LiCuMn. 504 pow-
der and its effect on electrochemical performance.

Results and Discussion
Figure la and b displays the good electrochemical be-

havior of the copper-modified spinel LiCu5 5Mn1 504. This
material exhibits long cycle life (more than 200 cycles)
with a rather low capacity fade rate. Our data indicate
that capacity loss at the 5 V potential plateau is mainly re-
sponsible for the observed capacity fade. The capacity
fade, observed upon cycling, could be attributed to elec-
trolyte oxidation occurring at this ultrahigh potential.
However, as can be seen in Fig. ib, the cell could be cycled
initially at the 5 V potential region without any significant
change in the cell potential upon polarization.

In order to understand the reasons for the high cycling
stability of the copper-modified spinel in Li cells, we first
examined the morphology of these materials.

Morphological characterization of the Cu-modified
spinel.—A series of scanning electron microscopy (SEM)
micrographs obtained from the unmodified LiMn2O4
spinel and the LiCu1Mn2O4 compositions (0.2 �x� 0.5),
prepared via solid-state technique, is presented in Fig. 2.
The unmodified spinel (Fig. 2a) possesses an onion-like
microstructure with approximately 2 sm ring thickness.
The copper-modified spinels (Fig. 2b-d) show larger rings
with a width of 10-15 Ism as well as the formation of a
radial microstructure, detectable at x = 0.4 in
LiCurMn2rO4. The morphological changes observed in the
copper-modified spinels are a function of the amount of
copper (x) introduced into the LiCuMn204 lattice. As
was shown previously,12 increasingly stable cycle life was
observed as the copper fraction was increased. The tightly
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layered onion-like morphology of LiMn2O4 is subject to
cracking unless the lattice, "breathing" from Li-ion inter-
calation-deintercalation, is extremely well coordinated.
With the inclusion of copper in the spinel, and as the Cu
content rises towards 25 mol %, the nested shells become
wider and more diffuse, with the appearance of radial

Fig. 2. SEM micrographs ob-
tained from the unmodified
LiMn2O4 spinel (a) and the
LiMn2CuO4 series (0.2 � x �
0.5; b-d), prepared via solid-
state techniques.

microstructure. This type of morphology should be more
compatible with expansion/contraction cycles.

In situ XRD measurements—Figure 3 shows the XRD
patterns obtained from LiCu05Mn15O4 during the second
charge cycle. The charging process was terminated after
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Fig. 1. (a, left) The cycie life characteristic [capacity (mAh/g) vs. cycle number] of "LiMn15Cu05O4" cathode material cycled vs. Li metal in
EMC(3):EC(1)/1 M LiPF6. The cell was cycled at a current density of 250 pA/cm' (C/2) in the potential range of 3.3—5.1 V. (b, right) The
potential (V)-capacity (mAh/g) profiles obtained from the third charge-discharge cycle of the same cell.
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Fig. 3. In situ XRD patterns obtained from 1iMn15Cu0504 during
the second charge cycle. The last two scans (P and Q) were record-
ed at open-circuit voltage of 4.9 V after charging was completed.

10.25 h, corresponding to a C/10 rate. The last two scans
(P and Q) were taken at open-circuit voltage (ocv) of 4.9 V
after charging was completed. The diffraction patterns
obtained at the lower sloping potential region (diffraction
patterns A-i, corresponding to 3.9—4.5 V) show that the
diffraction peaks were shifted to higher angles, indicating
a contraction of the lattice upon removal of lithium ions.
On the contrary, at the upper potential plateau (XRD pat-
terns J-O, corresponding to 4.8—5 V) no shifts in the dif-
fraction peaks were observed, indicating that the lattice
parameters remain constant upon removal of lithium ions
at the 5 V potential plateau. Moreover, no evidence was
found for the formation of a second cubic phase that is
often seen on charging of LiMn7O4 spinel cathode materi-
als to 5 V. 56 The peaks observed in the diffraction patterns
obtained from the as-prepared powder (XRD pattern A)
and from the lower sloping potential region (XRD patterns
B-H) are sharper than the diffraction peaks obtained from
the high-potential plateau (XRD patterns I-Q). The XRD
peak broadening at the high-potential plateau may indi-
cate that some structural changes are taking place during
the first charging process. One can attribute these crystal-
lographic changes to cation exchange between A site and
B site. The last two XRD patterns (P and Q) were record-
ed at an OCV of 4.9 V before the cell was polarized, and no
shift in the peak position was observed.

Figure 4 presents the corresponding XRD patterns ob-
tained once the LIILICu05Mn1 504 cell was discharged at a
C/8 rate. Because of a beam dump, no data were collected
between 4.4 and 6.05 h, the time between XRD patterns H
and I. As can be seen, the process is reversible. The lattice,
it appears, does not breathe at the higher potential plateau
(XRD patterns A-E). Expansion of the unit cell takes place
only below the potential of 4.5 V (XRD patterns F-L). We
can conclude that the stability of the LiCu05Mn15O4 upon

Fig. 4. In situ XRD patterns obtained from LiMn1,5Cu05O4 during
the second discharge cycle.

cycling can be attributed to the fact that its lattice does
not appear to expand and contract during charging and
discharging at the 5 V potential plateau. This behavior re-
sembles that observed with the enriched Li spinels
of the type Li4M5OJ2 [M=Ti, MnI (or alternatively,
Li[M7 67Li093]04). ' These materials were observed to be ex-
tremely stable upon cycling. This behavior was attributed
to the fact that the cubic unit cell does not appreciably
expand or contract upon consecutive charge and discharge
processes.59 Moreover, the structural analysis of the
LiCu0 3Mn1 504 material revealed that the actual stoichiom-
etry was Li1 07Cu0 32Mn1 9704. 2 Therefore, it is significant
that this structure corresponds to the enriched Li spinel
compositions mentioned above.

In situ XANES measurements.—Figure 5 shows XANES
data obtained from LiCu0 5Mn1 504 at the Mn K edge. At the
lower potential plateau (3.9—4.5 V) we observe a shift of 1
eV in the Mn K edge to higher energies, consistent with the
conversion of Mn(III) to Mn(IV). 2 Once the potential
reaches the upper voltage plateau (4.8—5 V) there is no fur-
ther shift evident in the edge position. However, the inten-
sity of the white line increases. This behavior indicates a
change in the symmetry of the Mn-O coordination occur-
ring at the 4.9—5 V plateau.

Figure 6 presents the XANES data obtained for
LiCu05Mn15O4 at the Cu K edge. At the lower potential
plateau (3.9—4.3 V) we observe changes in the edge features
but no significant changes in the Cu-O coordination
expected from the oxidation of Mn(III) to Mn(IV) are visi-
ble. At the upper potential plateau (4.8— 5 V) we observe a
considerable shift of 2 eV in the position of the white line.
This shift in the position of the white line is consistent
with the oxidation of Cu(II) to Cu(III). 10

Figure 7 shows the XANES data obtained from
LiCu0 5Mn15O4 at the Cu K edge. The figure presents the
data obtained at 3.3 V, before the charge step, and at the
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Fig. 5. In situ XANES data obtained from 1iCu05Mn1504 at the
Mn K edge.
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Fig. 6. In situ XANES data obtained for LiCu05Mn13O4 at the Cu
K edge.

end of the charge process (5 V). Also included in this fig-
ure are the spectra obtained from Cu foil [Cu], Cu20
[Cu(1)], and CuO [Cu(IIfl. Based on the XANES spectra
obtained for these materials we conclude that the 5 V
plateau is due solely to the oxidation and reduction of
Cu(II)/Cu(lII) couple.

Conclusions
The XRD and XANES results indicate that when

LiCu0 5Mn15O4 is cycled at the lower potential region
(3.9—4.5 V), Mn(III) is oxidized to Mn(IV). At this poten-
tial range the lattice contracts as Li ions are removed
from the lattice. At the upper potential plateau (4.8—5 V)
no further changes in the Mn oxidation state occur, while
Cu(II) is oxidized to Cu(III) without any further contrac-
tion of the lattice.

The oxidation of Mn observed at the lower potential
plateau (3.9—4.5 V) modifies the coordination symmetry
arotmd the copper. The oxidation of Cu, taking place at the
ultrahigh potentials (4.8—5 V) modifies the coordination
symmetry around the Mn. All of these processes are revers-
ible and occur while maintaining a single cubic spinel phase.

Fig. 7. XANES data obtained at the K edge from LICuQ5Mn,.S04
at 3.3 V, before any charge step, and at the end of the charge
process (5 V). Also presented are data obtained from Cu foil [Cu],
Cu20 [CuØ)], and CuO ICutli)].
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