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Low temperature performance of copper/nickel modified LiMn2O4 spinels
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Abstract

This study presents an evaluation of structural changes resulting from cycling modified copper/nickel LiMn2O4 spinels at 263 K. In situ
synchrotron XRD shows that cycling LiMn2O4 at 263 K resulted in the formation of mixed cubic and tetragonal phases with a consequent lower
capacity. The differential capacitance profile normally exhibiting two peaks at 298 K is modified, showing only one oxidation peak at 263 K in
the 4 V region. The changes observed are attributed to interactions between Jahn–Teller active Mn3+ species and Li+ ions. These changes are
not observed once copper/nickel modified spinels are being evaluated, because of the decrease in Mn3+ population. All the observed changes
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re fully reversible once the material is cycled back at 298 K.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

LiMn2O4 has been considered until recently as a leading
andidate for the next generation of materials for recharge-
ble batteries. The material is inexpensive compared to lithi-
ted cobalt and nickel oxides and it is considered as environ-
entally friendly. However, LiMn2O4 does have its own set
f disadvantages, severely preventing its implementation as
commercial material in Li-ion cells. Of a special interest

re those associated with capacity fading in the 4 V region.
hese problems are associated with:

(i) loss of oxygen in the delithiated state[1–5].
(ii) high solubility of the spinel material as a result of

acid attack followed by a disproportionate reaction
[2Mn3+

(solid) → Mn4+
(solid) + Mn2+

(solution)].
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(iii) average oxidation state of the manganese is 3.5 and
any small perturbation influencing the oxidation s
may alter the ratio of low spin Mn4+ (t32g − e2g) and

Jahn–Teller (JT) active high spin Mn3+ (t32g − e1
2g) state

The material is thus susceptible to structural distort
and fatigue due to the onset of cooperative JT distor
which can lead to severe capacity fading. Jahn–T
distortion can be induced by either insertion of a sec
lithium ion or by a decrease in temperature.

Low temperature-induced JT distortion is a result of
formation of discrete energy levels due to a lack of pola
hoping of the eg electrons between Mn4+ and Mn3+ [6]. This
results in a distortion of the 90◦ Mn O Mn bonds and th
loss of t2g and eg orbital overlaps with mutually orthogon
oxygen 2p orbitals. This phenomenon has been report
occur just below room temperature in the range of 280–2
with a 10–13◦ hysteresis[1].

Unlike the temperature-induced effect, JT distortion
intercalation of excess lithium ion into the spinel struc

3+ 4+
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results in a surface enhancement of the Mn/Mn ratio
[7]. This mechanism propagates from the surface into the
bulk of the material, with concomitant structural stress and
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fracture domains, which results in continued capacity fad-
ing. The Mn3+-rich regions are subject to dissolution and
the resulting phase boundary separation between cubic and
tetragonal regions can all contribute to a rapid capacity
fading[7].

A systematic investigation of the low temperatures effect
on the structural distortion of LiMn2O4 has been reported by
Yamada and Tanaka[1], who observed a cubic to tetrago-
nal distortion in which the material had a volume fraction of
35% cubic and 65% tetragonal at 260 K. Subsequent to this
study, Rousse[2] reported on a phase transition from cubic to
a purely orthorhombic with columnar charge ordering over
five different crystallographic sites. Additional work has fo-
cused on electric and magnetic properties[3,4] of the spinel
at low temperature. Very little work has been published on
the correlation between low temperatures induced distortions
and cell performance. Some researchers have postulated that
no change in the performance should occur[1], while others
have suggested a change in lithium ion’s transfer mechanism
[5]. Several groups have reported on cells performance at
273 K utilizing LiMn2O4 [8,9]. These studies reported in-
significant changes in the recorded capacity, compared with
room temperature data.

Prior investigations[10–12] on electrochemical behav-
ior of LiCu0.5Mn1.5O4 indicated that once this material is
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lesser extent from Cu oxidation state modification (from 2.14
to 2.43). The measured capacity obtained from discharging
the material with a composition ofx = 0.5 (LiNi0.5Mn1.5O4)
is primarily originated from a change in the Ni oxidation state
(from 2.2 to 3.8).

In situ XRD measurements performed in the 4–5 V region
show a single-phase transition during charge and discharge
of Cu-rich compound (LiCu0.5Mn1.5O4, x= 0.0)[12]. This is
in contrast to two and three phases coexistence in the compo-
sitions containingx = 0.25 and 0.5 (LiCu0.25Ni0.25Mn1.5O4
and LiNi0.5Mn1.5O4, respectively)[13,14]. This may explain
the superior cycle life behavior of the Cu-rich sample (x =
0) in this ultra-high potential region at ambient temperature
[10–12]. In contrast to this unique behavior, the Cu-rich sam-
ple shows the onset of JT distortions in the 3 V region. Such
distortions are absent in Ni substituted spinel samples (x =
0.25 and 0.5)[14].

The main objective of this research is to study the electro-
chemical behavior of manganese oxide spinels at low temper-
atures and to correlate this behavior with structural transfor-
mations occurring due to the temperature modification (from
298 to 263 K). This is motivated by an attempt to understand
the effect of structural transformations induced by transition
to low temperatures as opposed to those resulting from in-
tercalation of a second Li into the spinel structure. As a part
o inels
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harged, Mn(III) is oxidized to Mn(IV) at the lower pote
ial region (3.9–4.5 V) and the lattice contracts as Li i
re removed from the lattice. This novel material also
esses a reversible ultra high potential activity at 5 V. A
pper potential plateau (4.8–5 V) no further changes in
n oxidation state occur, while Cu(II) is oxidized to Cu(I
ithout any further contraction of the lattice[11,12]. While

he oxidation of Mn observed at the lower potential pla
3.9–4.5 V) modifies the coordination symmetry around
opper, the concomitant oxidation of Cu at ultra high
entials (4.8–5 V), causes a similar modification of co
ination symmetry around the Mn[12]. These process
re reversible and occur while maintaining a single c
pinel phase.

More extensive works conducted by our groups sho
hat Li can be extracted at ambient temperature from
er/nickel modified Mn spinels structures (with the gen

ormulation of LiNixCu0.5−xMn1.5O4, wherex = 0, 0.25 and
.5) in two potential regions: 3.3–4.5 and 4.6–5.1 V[13,14].
he upper potential plateau is dependent on the valuex;

hat is, as the Ni content increases, the potential platea
reases from 4.95 to 4.6 V. At the same time, the rever
apacity increases from approximately 72 mAh/g (x = 0)
o 120 mAh/g (x = 0.5). In situ XAS spectroscopy sho
hat for a Cu-rich composition (x = 0), the two potentia
lateaus correspond to change in Mn oxidation state
.7 to 4.0 and a change in Cu oxidation state from 2.1
.84 [14]. For LiCu0.25Ni0.25Mn1.5O4 (composition withx
0.25) the change in Mn oxidation state is smaller (f

.8 to 4.0). Thus, most of the recorded capacity is origin
rom changes in Ni oxidation state (from 1.98 to 3.47) and
f this study, modified Cu and Ni manganese oxide sp
ere used as model structures to enable a better under

ng of the low temperature induced structural changes.
hoice of Cu- and Ni-doped spinels was predicated by
ealth of prior data at ambient temperature. As mentio
arlier, these modified spinels exhibit unique structural
lectrochemical characteristics, having the potential to s
s probes for better understanding low temperature beh

. Experimental

Commercially available LiMn2O4 with excess Li (1.02
nd battery electrolyte (EC:DMC = 1:1, v/v, 1 M LiPF6)
ere obtained from EM Merck. LiCu0.5Mn1.5O4 and
iNi 0.5Mn1.5O4 were prepared according to methodol
escribed elsewhere[10–13]. The spectro-electrochemic
ell and electrodes constructions are described in refer
12–18]. Li foil was used as both anode and reference e
rodes, while the working electrode had a composition of
ctive material, 10% Shawinigan Acetylene Black and 1
ynar PVDF (Autochem, France). Electrochemical data

erential capacitance, charge and discharge profiles) we
uired using a battery cycler (Arbin MSTAT system and s
are, Arbin Instruments, Texas). Electrochemical data
easured in the same spectro-electrochemical cells as u

ollecting in situ synchrotron based XRD and XAS meas
ents[17]. Rates ofC/10 (current density of 100�A/cm2)
ere applied in cell galvanostatic measurements with cu
otentials of 3.3 and 4.5 V for the un-doped manganese
pinel. Charge cut-off potential of 5.2 V was applied for
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Fig. 1. (a) XRD diffraction patterns of LiMn2O4 cycled at 298 K showing the expected cubic phase. (b) Diffraction patterns of LiMn2O4 cycled at 263 K (data
presented between 2 theta angle of 22 and 42) and (c) Diffraction patterns of LiMn2O4 cycled at 263 K (data presented between 2 theta angle of 42 and 52),
showing both cubic and the tetragonal phases.

Cu- and Ni-doped spinels. The lower cut-off potential was
also set to 3.3 V for the lower operating temperatures in or-
der to ensure that any observed JT distortion is not due to
intercalation of a second lithium ion extraction.

In situ XRD measurements were performed in a trans-
mission mode[17] using X-18A beam line at National Syn-
chrotron Light Source (NSLS) at Brookhaven National Lab-
oratory (BNL) with a wavelength of 1.195̊A. Low tempera-
ture experiments and measurements, including in situ spec-
troscopy, were performed using a home-made chiller appara-
tus. This set-up allows the performance of low temperature in
situ synchrotron XRD and XAS measurements in a set tem-
perature within±1◦C precision. Additional spectra of the
materials were taken at the beginning and the end of charge
cycles, following a 30-min relaxation period. The acquisi-
tion time for each spectrum was 30 min. In addition to in
situ XRD measurements, in situ XAS measurements were
also performed in a transmission mode at the synchrotron
light source (NSLS) at BNL using beam line X11-A. De-
tails of the monochromator set up, resolution, and optics of
the beam line are discussed in details elsewhere[13,14]. The
prime motivation for XAS measurements was to use the near
edge part of the spectra (X-ray Absorption Near Edge Struc-
ture, XANES) to determine the oxidation state of manganese
in the mixed metal cathode materials. Nominal energy res-

olution at 9 keV (Cu K edge) was±1.1 eV. Valance state
measurements by XANES reflect 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 spectra at
the Mn K edge using standard compounds. Details of this
measurement, including shifts of XANES per oxidation state
change are giving elsewhere[12–18]. Manganese oxidation
states were measured with the use of several standards which
include Mn, MnO, Mn2O3, MnO2 (CMD, chemically man-
ganese dioxide and EMD, electrolytic manganese dioxide).

3. Result and discussion

3.1. XRD studies

Fig. 1 presents in situ XRD patterns obtained from
LiMn2O4 in a fully discharged state, measured subsequent
to 20 cycles at 298 K (Fig. 1a) and 263 K (Fig. 1b and c).
XRD pattern of LiMn2O4 cycled at 263 K obtained between
2 theta angle of 22 and 42 is presented inFig. 1b, while data
obtained between 2 theta angle of 42 and 52 is presented in
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Fig. 2. (a) Magnification of the 3 1 1 peak, showing the evolution of the
triplet splitting from its single peak at room temperature to its small triplet
split peaks after 10 h at 263 K. (b) Magnification of the 3 1 1 peak showing
the reversion of orthorhombic distortion back to a cubic phase.

Fig. 1c. No changes in the spinel electrode diffraction patterns
were observed in the first 20 cycles at 298 K. The expected
diffraction pattern of the sample cycled at 298 K is of a cubic
lattice structure, where oxygen anions occupy 32e sites, man-
ganese cations occupy the octahedral 16d sites and lithium
ions occupy the tetrahedral 8a sites. However, the diffraction
pattern obtained from spinel electrode cycled at 263 K rep-
resents a mixture of both cubic and tetragonal phases. This
is represented by an expanded view of the diffraction pattern
in Fig. 1b and c, where the appropriate diffraction lines are
marked.

Prior data[1,19–21]on low temperature diffraction pattern
of LiMn2O4 has focused on bulk powder properties and not
on low temperature cycled electrodes. Yamada and Tanaka
[1], who demonstrated a cubic→ tetragonal distortion with
a mixture of the two phases, showed a triplet splitting of the
(4 4 0) peak, which is not observed in our studies. Pristine
LiMn2O4 electrode immersed in the electrolyte for 6 h, with-
out any electrochemical cycling did not show a (4 4 0) peak
triplet splitting. We also did not observe such a change in
the diffraction patterns obtained from low temperature cy-
cling (Fig. 1b and c). The only structural change that was
observed albeit after 6 h of immersion (without electrochem-
ical cycling) was a small triplet splitting of the (3 1 1) peak
(Fig. 2a). This type of peak splitting has been reported by

Rousse et al.[9], who have ascribed it to a cubic→ or-
thorhombic transition. However, in a contrast to this prior
report[9], no splitting of the (4 0 0) peak nor emergence of
low intensity super lattice diffraction lines were found, even
after 6 h of immersion. The reason for the lack of a distinctive
phase transformation and the length of time it did take to ob-
serve a single peak distortion can be attributed to the lithium
rich spinel used in this study. According to Yamada[22], sub-
stitution of lithium into 16d sites would result in an increase
of the oxidation state of the manganese and thus the transition
temperature is reduced and a decreased amount of distortion
is observed. A distortion would no longer be observed oncex
= 0.033 for Li(LixMn2−x)O4 [22]. This behavior was found
to be reversible as shown inFig. 2b, where the peak splitting
slowly disappeared to revert to a single peak associated with
a temperature raise from 263 to 298 K.

3.2. Electrochemical evaluation

Our objectives in studying low temperature behavior
of lithiated manganese spinels were primarily focused on
the effect of Mn3+/Mn4+ ratio in the manganese oxide
spinel matrix. Therefore, cycling and differential capacitance
measurements of two model compounds were performed.
LiCu0.5Mn1.5O4 and LiNi0.5Mn1.5O4 as cathode electrode
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aterials were evaluated at 298 and 263 K. The additio
second divalent metal into the spinel matrix increase

xidation state of the manganese as shown inFig. 3. In the
u-doped manganese oxide spinels the one electron re
f Cu+2 → Cu+3 in LiCu0.5Mn1.5O4 occurs at a potential o
.95 V, while in the case of a Ni-doped sample, the two e

ron reaction of Ni+2 to Ni+4 [23,24] takes place ‘only’ at
otential of 4.6 V. The inclusion of Ni into Mn oxide spin
educes the capacity obtained in the low-potential pla
3.3–4.5 V). However, this capacity, related to the revers
eaction of Mn+3 → Mn+4 is not totally eliminated since n
ll of the Mn ions in the spinel matrix are at the +4 oxi

ion state, but rather exhibit an average oxidation state +
Fig. 3). The manganese oxidation state in the copper
anganese oxide spinel is shown to be approximately +

ig. 3. Oxidation states of Mn as a function of second divalent metal
titution in LiNi0.5Mn1.5O4 and LiCu0.5Mn1.5O4 as determined from in si
ANES spectroscopy in their second charge profile.
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Fig. 4. Differential capacitance profile for: (a) LiCu0.5Mn1.5O4 cycled at
298 K (—) and 263 K (- - -). Corresponding discharge profiles at 298 K (—)
and 263 K (- - -) is shown in the inset and (b) LiNi0.5Mn1.5O4 cycled once at
298 K (—) and 263 K (- - -). Corresponding discharge profiles at 298 K (—)
and 263 K (- - -) is shown in the inset. Charge/discharge rate wasC/10 in all
experiments.

The major reason for the different oxidation states of Mn re-
lates to the rearrangement of the divalent ion in the spinel
matrix;

(i) copper resides both at the LiA sites and the MnB sites
(in theAB2O4 spinel structure) while,

(ii) Ni is incorporated in the spinel matrix, especially into
the manganeseB site (in theAB2O4 spinel structure) in
higher concentration as compared to copper inclusion
[12].

Therefore, it is expected that these materials would not be
subjected to JT distortions even at reduced temperatures, as
can be seen inFig. 4a and b. Although no change in the dis-
charge capacities is detected, a marked change in differential
capacitance profile is observed for both LiCu0.5Mn1.5O4 and
LiNi 0.5Mn1.5O4 as a function of temperature.Fig. 4a presents
the electrochemical behavior of Cu-doped manganese spinel.
The first set of peaks of the Ox–Red system at∼4 V, (which
are representative of the two-phase transformation attributed
to Mn oxidation and reduction, respectively)[7] is shifted
by approximately 100 mV to a higher potential. The third
reversible Ox–Red peak position at∼5 V, attributed to the

reversible oxidation of copper(II) to copper(III)[10–13], is
unchanged.Fig. 4b presents the electrochemical behavior
of Ni-doped manganese spinel. The oxidation and reduction
processes of this material are dominated by the Red–Ox re-
action of nickel (Ni(II) to Ni(IV)) [23], in agreement with
the changes in the Mn oxidation states (Fig. 3). Thus, the
capacity obtained from reactions associated with manganese
Red–Ox is minor compared with the overall capacity of the
Ni-doped spinel material. The electrochemical charging of
Cu-doped spinel at low temperature causes the 4 V peak to
be shifted to a higher potential (by approximately 100 mV)
with a concomitant reduction in the capacity associated with
the Mn oxidation state change (observed both in the differ-
ential capacity curve and as well in the charge profile), while
the peak positioned at the higher potential (4.9 V) remains
intact. In the case of the Ni-doped spinel, no change in ei-
ther capacity or a significant shift in potential was observed
(Fig. 4b). However, a significant alteration between the two
materials is observed upon discharging. Ni-modified man-
ganese spinel cathode material exhibited almost no change
in the potential or discharge capacity in the 4.6 V plateau at
263 K (Fig. 4b), while Cu-modified manganese spinel suffers
from the exposure to a low temperature and exhibits almost no
discharge capacity (Li-ion intercalation into the solid matrix)
at the high-potential (Fig. 4a) plateau. The lower potential
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ntact. At this stage of the research we can only assume
his significant difference in the observed behavior is rel
o the crystallographic difference between the two mate
amely the evolution and co-existence of several cubic ph

n the charge/discharge profile of the Ni-modified manga
pinel versus a single cubic phase for the Cu-doped a
13].

Another route to increase the oxidation state of m
anese is by producing Li-rich materials of the t
i(Li xMn2−x)O4. The oxidation state of manganese can

ncreased from 3.5 up to 4, depending on the degree and
f lithium substitution into the manganese 16d sites. As
ussed earlier, Yamada[1] demonstrated that upon increm
f x from 0 to 0.039 in Li(LixMn2−x)O4, the transition tem
erature (from cubic into tetragonal phase) decreases un

ransition is no longer observed by DSC beyondx = 0.033.
Fig. 5presents differential capacitance profile of LiMn2O4

ycled at 298 K. A two-phase transition process is observ
he 4 V region, indicated by the appearance of twin Red
eaks (4.1 and 4.2 V (Ox); 4.1 and 3.9 V (Red)). Identifica
f the two distinct phases is highly difficult once LiMn2O4

s being cycled at 263 K, as the two peaks became e
ially a single oxidation peak. In addition, the charge
acity = area under the peak) was greatly reduced re

o the charge (combined peak area) associated with the
ess at 298 K, which is further exemplified by the disch
apacity (Fig. 5 inset). The position of the peak at 263
as also effected by the charge and discharge rate.
/10 rate, the peak was situated at 4.28 V (Ox) and 3

Red), while lowering the charge/discharge rate toC/20 sit-
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Fig. 5. A comparison of differential capacitance profiles of LiMn2O4 cycled
at four different conditions; (�) cycled at 298 K at C/10; (�) cycled at 263 K
at C/10 rate; (©) cycled at 298 K after 263 K cycling; (�) cycled at 263 K
at C/20 rate. Inset: a comparison of discharge profiles of LiMn2O4 cycled
at four different conditions: (a) cycled at 298 K at C/10 rate; (b) cycled at
263 K at C/10 rate; (c) cycled at 298 K after 263 K cycling; (d) cycled at
263 K at C/20 rate.

uated the peak at 4.1 V (Ox) and 3.9 V (Red). The positive
shift observed at low temperature could be attributed to ei-
ther a pronounce decrease in electrolyte conductivity at this
temperature[27–29]and/or an increase in the electrode solid
resistivity[4,5].

It is our understanding that the effect of electrolyte conduc-
tivity should not be considered as the prime cause explaining
this behavior, since the peak position at the 5 V region for
the copper and Ni-doped systems observed during the charg-
ing step (Fig. 4a and b) was not effected. Thus, the observed
performance of LiMn2O4 at 263 K is suggested to be due to
thermally induced structural changes, leading to modification
in the material electrochemical behavior.

The observed reduced capacity at 263 K is maintained over
the whole cycle life. Both the capacity and the differential ca-
pacitance profiles obtained from LiMn2O4 cathode materials
are fully recovered once the cell is cycled back at 298 K, sub-
sequent to cycling at 263 K. Capacity fading was not apparent
at either operating temperature over the evaluated cycle life
and repeated switching between temperature conditions. The
presence of only one Ox–Red peak at operating conditions
of 263 K would suggest some loss of lithium ordering in the
spinel matrix, which is observed not only electrochemically
(differential capacitance profiles), but also by in situ XRD
studies[17,25,26].
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which would be consistent with the concept of discreet energy
bands, being formed as a result of JT distortion. This results
in charge localizing and disrupting hopping mechanism for
charge conduction.

We consider the initial loss in capacity as being origi-
nated from Mn3+ and Li+ ions interactions during the pseudo-
orthorhombic distortion. The electrostatic interaction of these
two species is the result of the accompanying electron (that
would be associated with the transfer of lithium ion in and out
of the lattice), being localized due to the loss of a conduc-
tion pathway. Upon charging the material, we observe that
the triplet splitting of the (3 1 1) peak reverts back to a single
peak (Fig. 2b). These structural changes can be detected in
the differential capacitance profiles, as well. Note that even
with the reduced amount of lithium moving in and out of
the solid matrix, we observe in a slight retention of the two
peaks in the 4 V region (not easily resolved). The significant
difference between the results obtained at low temperature
and the results obtained at 298 K is that the ‘valley’ between
the two peaks is almost lost. This may indicate a loss of
lithium ion ordered state in the solid, commonly associated
with Li0.5Mn2O4.

4. Conclusions
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Rodriguez-Carvajal et al.[30] and Rousse et al.[2] ob-
erved a slow pseudo-orthorhombic transition of LiMn2O4.
hey also suggested five crystallographic sites in which M3+

nd Mn4+ are located. Two of these sites occupy hole-
n4+ [Mn(IV) and Mn(V)] and the other three are occ
ied by electron rich Mn3+ [Mn(I), Mn(II) and Mn(III)].
his arrangement of charges forbids the hopping of elect
The data presented in this report shows that struc
hanges resulting from cycling LiMn2O4 at low temperature
re originated from the existence of mixed cubic and te
nal phases. The observed reduced capacity is attribu
n3+ and Li+ ions static interactions. Partial capacity rec
ry is possible at temperatures below the transition tem

ure, as the number of Mn3+ and Li+ ions static interaction
s minimized. Structural, and hence the capacity reco
f the cubic phase, are all fully reversible once the mat

emperature is raised, back from 263 K and cycled at 29
apacity fading is never observed at 263 K despite th
reased Mn3+/Mn4+ ratio. Thus, the disproportionate re
ion is not relevant at reduced temperatures. The explan
or this is that the thermally-induced JT distortion is be
chieved through the bulk of the material, alleviating st

ural stress and strain. However, once the Mn3+/Mn4+ ratio
s increased by the insertion of excess Li-ions, the struc
hanges induced by the JT active Mn3+ species is surfac
ropagated, resulting in non-uniform structural stress o
pinel structure, thus, degradation and capacity fading o
his work has shed some light into structural distortion
n the performance of LiMn2O4 cycled at low temperature
ore work (in situ XRD) is scheduled aiming in understa

ng the low temperature behavior of modified manga
pinels.
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