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Abstract

Partial substitution of Mn in lithium manganese oxide spinel materials by Cu and Ni greatly affects the electrochemistry and the cycle
life characteristics of the cathode. Substitution with either metal or a combination of both metals in the spinel lattice structure reduces the
3.9–4.2 V potential plateaus associated with the conversion of Mn3+ to Mn4+. Higher potential plateau associated with oxidation of the
substituted transition elements is also observed. These substituents also significantly alter the onset of Jahn–Teller distortions in the 3 V
potential plateau. Synchrotron based in situ X-ray absorption (XAS) was used to determine the exact nature of the oxidation state changes in
order to explain the overall observed capacities at different potential plateaus. The studies on LiCu0.5Mn1.5O4 show single phase behavior in
the 4–5 V potential region with a good cycle life. Lower cycle life characteristic observed in cycling LiNi0.5Mn1.5O4 and LiNi0.25Cu0.25Mn1.5O4

versus Li metal are ascribed to coexistence of several phases in this potential region. However, LiCu0.5Mn1.5O4 shows onset of Jahn–Teller
distortions in the 3 V potential plateau, in contrast to LiNi0.5Mn1.5O4 and LiNi0.25Cu0.25Mn1.5O4 cathode materials.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

LiMn2O4 spinel materials are a very attractive choice as
cathode material for lithium-ion rechargeable batteries due
to their economical and environmental advantages over the
current state of the art LiCoO2. Previous reports by Tarascon
et al. [1] and Thackarey and co-workers[2] demonstrated
that addition of excess Li to the spinel (Li1+xMn2−xO4)
improves the cathode cycle life, along with a concomitant
decrease in the observed capacity. The capacity loss was re-
ported to be 148(1 − 3x) mAh/gm [2]. Detailed analysis of
this effect in the context of Li–Mn–O phase diagram related
to LiMn2O4–Li4Mn5O12–Li2Mn4O9 cathode materials has
been also reported by Xia et al.[3].

Another approach involves the substitution of a second
transition element instead of Mn in the spinel oxide ma-

∗ Corresponding author. Tel.:+1-972-48294588;
fax: +1-972-8295677.

E-mail addresses: s.mukerjee@neu.edu (S. Mukerjee),
eineli@tx.technion.ac.il (Y. Ein-Eli).

trix, obtaining a general composition of LiMxMn2−xO4.
Attempts to substitute Mn with elements such as Co, Mg,
Cr, Ni, Fe, Ti and Zn have been reported previously[4–6].
Initial results on these materials reported a lower capacity in
the 4.1 V potential plateau compared with LiMn2O4 spinel
[4–6]. However, a significant improvement in cycle life was
reported with Ni, Co6, and Cu substituted sample materials
[7,8]. Later studies showed that some of these mixed oxide
spinels possess a higher voltage plateau between 4.5 and
5.0 V, as was reported with Cu[7,8], Ni [9,10], Cr [11],
Fe [11,12]. Sigala et al.[11] (based on electrochemical
characterization), attributed the appearance of two voltage
plateaus in Cr modified Mn spinel to the oxidation of Mn
and Cr, respectively. Zhong et al.[9] reported that extraction
of Li from Ni modified Mn spinel, LiNixMn2−xO4 (where
0 < x < 0.4) provides an additional potential plateau at
4.6–4.7 V (in addition to the 4.1 V potential plateau). Only
the higher potential plateau was obtained oncex is equiv-
alent to 0.5 in LiNixMn2−xO4, attributed to the oxidation
of Ni2+ to Ni4+. A simple model was proposed wherein,
the oxidation state of the compound was expressed as
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Fig. 1. Potential (V)-specific capacity (mAh/g) profiles obtained from LiNixCu0.5−xMn1.5O4 [x = 0.0, 0.25 and 0.5] during charge step in the 4–5 V
region at 100�A/cm2.

LiNi x
2+Mn1−2x
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4+O4

2=, with the capacity in the
lower plateau varying as 1−2xLi/FU. Ohzuku et al.[12,13]
produced a series of iron doped spinels (LiFexMn2−xO4)
with a reversible capacity in the 5 V region. Recently, Fey
et al. [14] prepared and evaluate high potential cathode
materials based on LiMxNi0.5−xMn1.5O4 (M being Fe, Cu,
Al, and Mg while 0 < x < 0.4). The authors found[14]
that the best composition was the low doped iron (x = 0.1)
nickel (0.4) Mn spinel.

This study involves the combination of in situ X-ray ab-
sorption and diffraction techniques aimed at investigating Cu
and Ni substitutions in Mn oxide spinel cathodes with the
general composition of LiNixCu0.5−xMn1.5O4, (wherex =
0, 0.25 and 0.5). The objective of this research was to ra-
tionalize the electrochemical characteristics of these spinels
in the 4–5 V as well as the 3 V plateaus with direct spec-
troscopic measurements of changes in the oxidation states
of the various transition elements. Synchrotron based in situ
X-ray absorption spectroscopy allows such monitoring with
element specificity along with determination of changes in
the short range atomic order around the absorbing transition
elements. Moreover, determining the nature of phase tran-
sitions at the different potential plateaus using in situ X-ray

Table 1
Electrochemical characteristics of LiNixCu0.5−xMn1.5O4 wherex = 0.0, 0.25 and 0.50 in the 4–5 and 3 V regions

Cathode material Potential (V)
plateau’s in the
4–5 V region

Discharge capacity (mAh/g) Capacity in the
3 V regiona

Capacity fade in 4–5 V
region (%)b

3.3–4.5 V 4.5–5.2 V

LiCu0.5Mn1.5O4 4.15 4.9 47 24 61 8
LiCu0.25Ni0.25Mn1.5O4 4.10 4.75 21 79 57 18
LiNi 0.5Mn1.5O4 4.10 4.6 12 105 54 12

a Capacity measured at the fifth cycle.
b Cycle life determined for a total of 50 cycles.

diffraction enables a better understanding of the spinel cath-
odes cycle life characteristics.

2. Experimental

Samples with general composition of LiNixCu0.5−x-
Mn1.5O4 with x = 0, 0.25 and 0.5, were prepared using low
temperature sol–gel techniques described in detail elsewhere
[7,8,15]. Electrodes [with 5-6 mg/cm2 loading of active ma-
terial] were cast (doctor bladed) using a slurry comprising
of 80% spinel Mn oxide, 10% carbon black (Shawini-
gan Acetylene black) and 10% polyvinylidene binder with
1-methyl-2-pyrrolidone as a solvent on an aluminum sub-
strate (∼5�m thick), dried at 120◦C under vacuum for 2 h.
Li metal served both as a counter and a reference electrode
in the electrochemical cell. Details of the electrochemical
tests are given in[7,8,15]. Cells were tested in the potential
plateaus of 3.3–5.2 and 3.3–2.2 V separately. The elec-
trolyte of choice in these tests were ethylene carbonate (EC,
EM Industries) and ethyl methyl carbonate (EMC, Mit-
subishi Chemicals) in a volume ratio of 1:3 with 1 M LiPF6
salt.
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In situ XAS and XRD studies were performed with
electrode loading of∼20 mg/cm2 active material with an
electrode area of 2.85 cm2. An electrochemical cell, de-
signed for spectroscopic measurements in the transmission
mode was used. Details of the spectro-electrochemical cell
are given elsewhere[16]. In situ XAS measurements were
conducted at Mn, Ni and Cu K edges at Beam line X11
A at the National Synchrotron Light Source, Brookhaven
National Laboratory. The beam was detuned by 50% at the
Mn K edge and 25% at the Ni and Cu K edges to reject
higher harmonics. The spectra were collected up to the
energy wave vector space of 18 K enabling simultaneous
measurement of both XANES and EXAFS. Three detectors,
incident, transmitted and references were used; the third

Fig. 2. Discharge profiles of LiNixCu0.5−xMn1.5O4: (a) x = 0.0; (b)
x = 0.25; and (c)x = 0.50, in the 3 V region. Discharge was performed
at ∼C/10 (100�A/cm2).

detector serving as a reference for a proper alignment of the
edge positions. XANES data was analyzed in detail since
our primary interest was to determine the oxidation states of
the Mn, Ni and Cu ions. The methods used for analyzing the
XANES data are given in detail elsewhere[17]. The X-ray
absorption spectra (XAS) collected with the storage ring
operating at 2.584 GeV and an electron current between 110
and 350 mA. Details of the monochromator design, detune,
data acquisition are given elsewhere[18]. Nominal energy
resolution at 9 KeV (Cu K edge) was∼1.1 eV for XANES
and the relative position of the edges were measured with
an accuracy of±0.1 eV. As pointed out earlier[19], valence
measured by XANES reflects the difference in energy of
an initially unexcited atom in the solid and the same atoms
with a core hole plus a photoelectron in the lowest energy
unoccupied state of appropriate symmetry as determined by
dipole selection rules. Oxidation state changes were based
on standard curves obtained from shift in the XANES spec-
tra at Mn, Cu and Ni K edge using standard compounds.
Details of this measurements including shifts of XANES
per oxidation state change are given elsewhere[8,15,16].

A series of standards for the determination of oxidation
states using XANES at the Cu K edge were employed. These
included Cu foil, Cu2O, CuO and KCuO2, in which Cu
atoms assume monovalent, divalent and tetravalent states.
As reported by us earlier[8], comparison of LiMn1.5Cu0.5O4
(at open circuit, before charge or discharge) with standards
clearly indicated that Cu is present only as Cu2+ with a
symmetric coordination with planer and axially coordinated
oxygen atoms. Detailed theoretical and experimental stud-
ies at the Cu K edge for a variety of standards including
the ones used in the study has been conducted by Tran-
quada et al.[19]. As pointed out earlier by us[8], and
others[20] the two prominent Cu edge XANES features
representing an overlap of electric dipole transitions from
1s to variousnp final states. The two main Cu XANES fea-
tures which correspond to transitions from 1s to axially and
planer 4p states typically show shifts of 2 eV per change in
valence.

Fig. 3. Cycle life characteristics of LiNixCu0.5−xMn1.5O4 [x = 0.0, 0.25
and 0.50] in the 3 V region discharged at∼C/10 (100�A/cm2).
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The Mn oxidation states were measured with the use of
several standards which included Mn, MnO, Mn2O3, MnO2
(CMD, chemically prepared analog). Previously, we have
reported that XANES data for the CMD and EMD (elec-
trochemically prepared analog) of MnO2 were identical.
In addition, a comparison with LiMn1.5Cu0.5O4 (at open
circuit, before charge or discharge), showed a shoulder at
11.5 eV, consistent with the presence of both Mn4+ and
a very small amount of Mn3+. Details of the shifts per
change in valence state and the assignment of Mn features
in the Mn edge XANES is provided in detail elsewhere
[21,22]. Similarly, Ni oxidation states were analyzed with
the use of freshly prepared Ni,�-Ni(OH)2, �-NiOOH and
BaNiO3, compounds. The two distinct features in the Ni
edge XANES have been carefully analyzed in terms of

Fig. 4. XANES at: (a) Ni; and (b) Mn K edge for LiNi0.5Mn1.5O4 as a function of charge (C/12 rate) in the 4–5 V region. Inset in the figure show the
corresponding changes in the Ni and Mn oxidation states.

shifts as a function of change in the Ni valence states
[18,23–26].

Samples studied by XAS and XRD in the 4–5 V re-
gion were conducted at charging/discharging rate ofC/12.
Samples investigated at the 3 V region were studied at a rate
of C/10. XANES spectra were taken for the second charge
and discharge cycle. Since the data at the Cu, Ni and Mn
edges were taken from the same cell during the charge and
discharge process, the procedure adopted involved inter-
rupting the charge/discharge process and allowing the cell
to reach equilibrium (this was achieved by monitoring the
potential profiles at open circuit). Data was then collected
serially at the Cu, Ni and Mn edges. Thus, the number of
data points for oxidation states were limited. In situ XRD
measurements were conducted at Beam line X18 A in the
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transmission mode with monochromatic beam tuned to a
wavelengthλ of 1.195 Å corresponding to 10.375 KeV. Ad-
vantages of synchrotron based XRD are outlined in detail
elsewhere[27,28]. Successive scans between 2θ angles
of 43 and 53◦ were used to monitor the coinciding peaks
〈3 3 1〉, 〈5 1 1〉 as well as the〈4 4 0〉 and〈5 3 1〉 peaks of the
spinel. The aluminum substrate〈2 2 0〉 peak served as an
internal standard.

3. Results and discussion

3.1. Electrochemical characterization

Figs. 1 and 2presents the potential profiles obtained from
polarizing LiNixCu0.5−xMn1.5O4 (wherex = 0, 0.25 and
0.5) versus Li metal in the 4–5 and 3 V regions.Table 1sum-
marizes the discharge capacity values obtained as a function
of the corresponding oxide compositions. Several observa-
tions can be made:

(i) The inclusion of Ni in LiNixCu0.5−xMn1.5O4 spinels
reduces the potential at the high potential re-
gion. The upper potential plateau observed in
polarizing LiCu0.5Mn1.5O4 was 4.9 V, while sub-
stituting half of the copper with nickel, producing
LiCu0.25Ni0.25Mn1.5O4, reduced the upper potential
plateau by 150 mV to 4.65 V, as can be observed in
Fig. 1. The potential plateau is further reduced by an-
other 150 mV to the potential of 4.6 V once a complete
substitution of copper with nickel [LiCu0.5Mn1.5O4]
in the spinel matrix takes place.

(ii) Increasing the Ni content in the spinel structure re-
duces the capacity of the medium potential plateau
(3.3–4.5 V) and increases the capacity of the high volt-
age plateau (4.5–5.2 V). However, the capacity value
obtained from the lower voltage plateau region, which
is attributed to the reversible transition of Mn3+ to
Mn4+, is not totally eliminated. The electrochemical
results obtained from the spinel electrode with the
composition of LiNi0.5Mn1.5O4 show that not all the
Mn is tetravalent as expected from charge neutrality
considerations and from those based on simplistic
models of Amine et al.[10] and Gao et al.[29].

(iii) As x in LiNi xCu0.5−xMn1.5O4 increases (Table 1), the
capacity value at the medium potential region (3.3–
4.5 V) reduces from 47 mAh/g [in LiCu0.5Mn1.5O4
(x = 0)] to 12 mAh/g [in LiNi0.5Mn1.5O4 (x = 0.5)].
Conversely, the capacity value obtained at the high
voltage plateau (4.5–5.2 V) increased from 24 mAh/g
[in LiCu0.5Mn1.5O4 (x = 0)], to 79 mAh/g [in
LiCu0.25Ni0.25Mn1.5O4 (x = 0.25)] to 105 mAh/g [in
LiNi 0.5Mn1.5O4 (x = 0.5)].

(iv) The overall capacity value in the 4–5 V range obtained
from the Ni rich sample is higher, compared with the
Cu rich oxide samples. This can be attributed to a two

electron transfer in Ni (Ni2+ to Ni4+) and the possi-
bility of Ni occupying B sites in the spinel octahedra
in a higher concentration as compared to Cu.

(v) The capacity values in the low 3 V plateau shows com-
parable performance for all three materials (Fig. 3),
indicating that the capacity origin is due to the reduc-
tion of Mn4+ to Mn3+. However, the discharge profile
is different for each composition: the Ni rich compo-
sition (Fig. 2c) possess the highest discharge capacity
and has a wide range potential plateau at 2.8 V with

Fig. 5. Summary of oxidation state changes for: (a) Mn; (b) Ni; and (c)
Cu in LiNixCu0.5−xMn1.5O4 [x = 0.0, 0.25 and 0.50], determined from
XANES analysis of the corresponding Mn, Ni and Cu K edge spectra as
a function of charge in the 4–5 V region. Cycle rate for each sample was
kept constant atC/12.
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a moderate decrease in the potential after 70% dis-
charge time (approximately 45 mAh/g). In contrast to
this behavior, the copper rich spinel matrix presents
a totally different profile; we initially observe in two
potentials regions. The first one is a potential plateau
at 2.75 V (first 6 h, 30 mAh/g) which transformed into
a slope one. The total capacity recorded for this cath-
ode matrix was measured to be also the lowest one,
57 mAh/g. The blend Ni/Cu cathode matrix presents
an intermediate behavior (overall capacity of less than

Fig. 6. The effect of Li intercalation in the 3 V region on: (a) Mn; (b) Ni; and (c) Cu oxidation states in LiNixCu0.5−xMn1.5O4 [x = 0.0, 0.25 and 0.50]
determined from XANES analysis of the corresponding Mn, Ni and Cu K edge spectra. Discharge rate wasC/10.

55 mAh/g) with two distinguished potential plateaus:
the first one is observed at 2.6 V with a small capacity
of ∼15 mAh/g while the second potential plateau at
2.3 V is the longest one (40 mAh/g).

Finally, the cycle life performance shows that in the 4–5 V
region, the Cu substituted sample has the highest stability
despite the higher voltage range. Increased Ni substitution
results in steady decay of the life time stability (Table 1).
However, in the 3 V region (Fig. 3), the situation is reversed;
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the Cu substituted spinel sample shows the worst perfor-
mance and increased Ni substitution caused significant im-
provement in the cycle life of the spinel electrode.

3.2. In situ XAS studies

Fig. 4a and bshow representative plots of Ni and Mn
K edge XANES spectra obtained from LiNi0.5Mn1.5O4 as
a function of charge in the 4–5 V region. Both Ni and Mn
edge shifts are observed, indicating changes in their respec-
tive oxidation states. In agreement with previous work by
Amine et al.[10], who examined the lower voltage plateau

Fig. 7. In situ XRD patterns for LiCu0.5Mn1.5O4 during second charge
cycle in the 4–5 V region: (a) change in the XRD profile in the 2θ range
of 43–53◦ for a λ value of 1.195 Å; and (b) the corresponding lattice
parameters vs. capacity plot: (�) first cubic phase. Sample was charged
at C/12 rate.

(3.3–4.5 V), there is a little evidence for the existence of
Mn3+ state; the starting oxidation state in the material is 3.9
(inset inFig. 4b). Upon charging, Mn oxidation state changes
rapidly in the small residual low voltage plateau (Fig. 1)
to +4. In the higher voltage plateau there is no change in
this oxidation state, in agreement with our previous results
[15,16]. Ni K edge XANES indicates that most of the capac-
ity is originated from a change in Ni oxidation state. This
corresponds to a voltage plateau of 4.6 V (Fig. 1). While
Mn oxidation state was minored changed (oxidation state
change of only 0.1 was observed), Ni oxidation state change
corresponds to 1.6 (from 2.2 to 3.8) (inset inFig. 4a). The
modifications in the oxidation states correspond well with
the observed capacities in the low and high voltage plateaus
(Table 1).

Fig. 5, shows a compilation of oxidation state changes
in Mn, Ni and Cu for LiNixCu0.5−xMn1.5O4 (for x = 0.0,
0.25, and 0.5) using similar XANES analysis. The changes
in the oxidation states are in a good agreement with the
electrochemical results presented inTable 1 and Fig. 1.
The two plateaus at 3.3–4.1 and 4.1–5.2 V observed in
LiCu0.5Mn1.5O4 correspond to changes in Mn and Cu
oxidation states in the range 3.7–4.0 and 2.18–2.84 V,
respectively. Considering the results obtained from the

Fig. 8. Results of in situ XRD analysis for: (a) LiNi0.25Cu0.25Mn1.5O4;
and (b) LiNi0.5Mn1.5O4 during the second charge in the 4–5 V region.
(�) First cubic phase; (�) second cubic phase; (�) third cubic phase.
Discharge rate wasC/12.
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composition of LiCu0.25Ni0.25Mn1.5O4 one would observe
that in the low potential plateau the Mn oxidation state
changes from 3.8 to 4.0, while at the higher potential plateau
both Ni and Cu oxidation state are changed from 1.98 to
3.47 and 2.14 to 2.43 V, respectively.

Fig. 6 shows a similar compilation of oxidation state
modifications in the 3 V region (3.3–2.2 V). As evident,
the capacity in this region is originated due to a reduction
of the Mn from Mn4+ to Mn3+ (Fig. 6a). The capac-
ity values shown inTable 1 associated with this region
show similar magnitudes and reflect this behavior. The
Mn oxidation state changes in this region correspond to
3.75–3.35 for LiCu0.5Mn1.5O4, while for LiNi0.5Mn1.5O4
and LiCu0.25Ni0.25Mn1.5O4 these changes are in the ranges
3.9–3.45 and 3.85–3.45 V, respectively. The modifications
in the oxidation state point that the oxidation state of Mn in
Cu substitution spinel, LiCu0.5Mn1.5O4, approaches closest
to the Jahn–Teller Mn3+ high spin state (3d4, t32ge

1
g), while

for the other two compositions it lies close to an average
oxidation state of Mn3.45. This may explain the poor cycle
life behavior obtained from this material at this poten-
tial region. Fig. 6b presents the changes in Ni oxidation
state in both LiNi0.5Mn1.5O4 and LiNi0.25Cu0.25Mn1.5O4.
As evident, there are no changes in Ni oxidation states
in this potential region.Fig. 6c shows the corresponding
changes in Cu oxidation states for both LiCu0.5Mn1.5O4
and LiNi0.25Cu0.25Mn1.5O4, which also exhibits minimal
changes.

Fig. 9. In situ XRD pattern for a fresh LiCu0.5Mn1.5O4 during Li intercalation in the 3 V region. The onset of tetragonal peaks marks the onset of
Jahn–Teller distortions in this potential region. Discharge rate wasC/10.

3.3. In situ XRD studies

In situ XRD (transmission mode) was used to monitor
changes in the spinel cubic phase as a function of charge ca-
pacity in all three compositions. Second charge profile was
studied in order to avoid problems associated with the ini-
tial charge–discharge cycle, such as surface passivation ef-
fects. Fig. 7a presents in situ XRD profiles of 2θ region,
between 43 and 53◦, corresponding to overlapping spinel
peaks〈3 3 1〉, 〈5 1 1〉 in addition to〈4 4 0〉 and〈5 3 1〉 peaks
for LiCu0.5Mn1.5O4 in the 4–5 V region. In contrast to the
XRD profile of LiMn2O4 spinel material previously reported
[27,28], there is a smooth transition at the end of the charge
step as a single phase without the appearance of any addi-
tional phases. The diffraction peaks shift to a higher angle
indicating a contraction of the lattice on removal of Li ions
in the lower plateau (3.3–4.5 V), while at the higher potential
plateau (4.5–5.2 V) no further contraction in the lattice is ob-
served (Fig. 7b). Moreover, there is no evidence of any peak
splitting which would have been indicative of two-phase co-
existence. In situ XRD patterns obtained during discharge
[8,15] demonstrate the reversibility of this single-phase be-
havior.

In a contrast, in situ XRD profiles obtained from
LiNi 0.5Mn1.5O4 and LiCu0.25Ni0.25Mn1.5O4 (Fig. 8) show
three and two phases coexistence in the upper voltage plateau
(4.5–5.2 V). The patterns also indicate minimal changes
in the lattice parameters within each phase. However, the
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coexistence of several phases could be detrimental to the
long term structural integrity of the lattice. This evidence
can provide the explanation for the poor cycle life of these
compositions in the 4–5 V region. The exact implications
of the coexistence of several phase, its reversibility and
implications to long term stability of the lattice will be the
subject of a more detailed publication.

In situ XRD profiles in the 3 V region obtained from all
material compositions (LiCu0.5Mn1.5O4, LiNi 0.5Mn1.5O4
and LiCu0.25Ni0.25Mn1.5O4) are shown inFigs. 9–11. The
profiles were obtained from a “fresh” cell during additional
Li ion intercalation process. As evident from these profiles,
LiCu0.5Mn1.5O4 composition clearly shows the onset of the
Jahn–Teller distortions (Fig. 9). The distortion is observed
as early asx in Li xCu0.5Mn1.5O4 reaches a value of 1.12,
corresponding to a potential of 2.7 V (or an equivalent)
capacity of 10 mAh/gm. This is evident from the appear-
ance of tetragonal peaks at〈2 2 0〉, 〈2 2 4〉 and 〈4 0 0〉 in
the 2θ range 23–53◦. In a contrast, LiNi0.5Mn1.5O4 and
LiCu0.25Ni0.25Mn1.5O4 do not exhibit any Jahn–Teller dis-
tortion as evident from the absence of any tetragonal peaks
(Figs. 10 and 11).

The absences of these peaks in both materials XRD’s
patterns indicate the high stability of Ni doped Mn spinel
at low potentials (below 3 V) during charging excess of
Li ion into the spinel matrix. This study confirms earlier
observation based on changes in the oxidation states of
LiCu0.5Mn1.5O4 as compared with LiNi0.5Mn1.5O4 and
LiCu0.25Ni0.25Mn1.5O4 in this potential region. Therefore,
the cycle life characteristics observed inFig. 2 are in

Fig. 10. In situ XRD pattern obtained from a fresh LiNi0.5Mn1.5O4

during first Li-ion intercalation step at the 3 V region. Note the absence
of tetragonal peaks indicating no Jahn–Teller distortions in this potential
region. Discharge rate wasC/10.

Fig. 11. In situ XRD pattern from a fresh LiCu0.25Ni0.25Mn1.5O4 during
first Li intercalation step in the 3 V region. Note the absence of tetrag-
onal peaks indicating no Jahn–Teller distortions in this potential region.
Discharge rate wasC/10.

agreement with the results obtained from in situ XRD stud-
ies. While Cu substituted sample has the highest stability
(despite the higher voltage range) leading to a long cycle life
performance in the 4–5 V region, it shows the worst perfor-
mance in the 3 V region. Increased Ni substitution caused
a significant improvement in the cycle life of the modified
Mn spinel electrode. Thus, the most stable compound at the
5 V region (Cu doped Mn spinel) has the worst performance
at the 3 V region, while the best materials performed at this
potential are the Ni doped Mn spinels. These compounds
do not show a stable cycle life at the elevated potential. This
behavior is linked to the phase transformation observed
with the use of in situ XRD in our studies.

4. Conclusions

LiNi xCu0.5−xMn1.5O4 materials have been prepared and
evaluated both electrochemically as well as using syn-
chrotron based in situ XAS and XRD spectroscopy. The
data show that Li can be extracted from the spinel structures
in two main potential regions: 3.3–4.5 and 4.6–5.1 V. The
upper potential is dependent on the value ofx; as Ni content
increases, the potential plateau decreases from 4.95 to 4.6 V.
At the same time, the reversible capacity increases from
approximately 72 mAh/g (x = 0) to 120 mAh/g (x = 0.5).
In situ XAS spectroscopy shows that for a Cu rich compo-
sition (x = 0), the two potential plateaus correspond to a
change in Mn oxidation state from 3.7 to 4.0 and a change
in Cu oxidation state from 2.18 to 2.84. The change in
Mn oxidation state in LiCu0.25Ni0.25Mn1.5O4 (x = 0.25) is
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lower (from 3.8 to 4.0). Thus, most of the recorded capacity
is a result of changes in the Ni oxidation state (from 1.98 to
3.47) and to a lesser extent a modification in Cu oxidation
state (from 2.14 to 2.43). Atx = 0.5 [LiNi 0.5Mn1.5O4]
the measured capacity is originated from change in the Ni
oxidation state (from 2.2 to 3.8). In the 3 V region, inter-
calation of Li results primarily in changes of Mn oxidation
state. In Cu rich sample (x = 0), the Mn oxidation state
approaches a value of 3.35, causing the onset of cooper-
ative Jahn–Teller distortion. In contrast, the transition in
the oxidation state observed for Mn in both compositions
containingx = 0.25 and 0.0 [LiCu0.25Ni0.25Mn1.5O4 and
LiCu0.5Mn1.5O4, respectively] is to an oxidation state of
3.45. In situ XRD profiles in the 4–5 V region shows that
Cu rich sample (LiCu0.5Mn1.5O4, x = 0.0) has a single
phase transition during charge and discharge. This is in
contrast to two and three phases coexisting in composi-
tions containingx = 0.25 and 0.5 [LiCu0.25Ni0.25Mn1.5O4
and LiNi0.5Mn1.5O4, respectively]. This explains the su-
perior cycle life behavior of Cu rich sample (x = 0) in
the ultra-high potential region. In contrast to this unique
behavior, Cu rich sample shows the onset of Jahn–Teller
distortions in the 3 V region. Such distortions are absent in
the Ni substituted materials (x = 0.25 and 0.5).
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