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Abstract

In this paper structural, electrical, electrochemical and thermal (DSC) characterization of series of manganese spinel samples with manganese
substituted to different degree (x = 0–0.5) with chromium are presented. The conductivity and thermoelectric power measurements were
performed in wide temperature range also versus oxygen partial pressure and for deintercalated samples. Electrochemical studies of these
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athode materials were conducted in Li/Li/Li yCrxMn2−xO4 type cells. Substitution of manganese with chromium causes disappeara
he phase transition characteristic of LiMn2O4 spinel. Studies of electrical properties reveal that Cr ions do not participate in charge tr
t low temperatures. In the charge curves of Li/Li+/Li yCrxMn2−xO4 cells there are two visible plateaux, separated with distinct potential
∼0.5 V), which position on Li content perfectly matches the Mn3+ content in the doped cathode material. The lower plateau is related
n3+ → Mn4+ oxidation, while the next of higher voltage, of the dopant Cr3+ → Cr4+ oxidation. The schematic diagrams of relative Mn
lectronic levels alignment are proposed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

For several years now, the LiMn2O4 system has been
ttracting enormous interest as being a potential cathode
aterial for 4 V reversible lithium batteries. Its reversible

apacity equals 100–130 mA h g−1 and is comparable to that
f the presently used LiCoO2. However, manganese spinel

s cheaper and more environmentally friendly. Manganese
pinel undergoes a phase transition at 290 K, leading from a
igh-temperature cubic to a low-temperature orthorhombic
hase. This transition takes place for the critical concen-

ration of Mn3+ ions (Jahn–Teller ions). Most researchers
ttribute an insufficient number of work cycles in manganese
pinel based batteries to the presence of that phase transition
1,2]. In order to extend battery life, many laboratories in
he whole world have been investigating electrochemical
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properties of doped spinels LiyMxMn2−xO4 (M = Al, Mg,
Ti, V, Cr, Fe, Co, Ni, Cu, Zn)[3–8]. These studies, howev
are limited to determining lattice parameters and ele
chemical characteristics. For many dopants, the cha
curve changes its shape significantly, thus suggesting a
ification in the electronic structure of the manganese sp
There is a complete lack of research devoted to tran
properties of doped manganese spinel. It is those prop
which, to a great extent, determine the usability of a cat
material.

Electronic transport in manganese spinel LiMn2O4 at
room temperature (i.e. at the working temperature of Li
batteries), is very difficult. A low value of conductivity,
the order of 10−4 S cm−1, is related to the small polaro
mechanism. Their migration activation energy is high,
equals 0.2–0.3 eV[9].

Previous results obtained by the authors revealed th
polaron mechanism of charge transport, in the manga
spinel, is very stable. It is not influenced by the cha
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in oxygen non-stoichiometry, excess lithium in the man-
ganese sublattice, hydrostatic pressure, or chemical interca-
lation [10–12].

The aim of the present paper is the determination of
transport and electrochemical properties of the chromium
substituted manganese spinel LiCrxMn2−xO4 in the compo-
sition range ofx= 0–0.5. Studies of electrical conductivity
and thermoelectric power, performed as a function of tem-
perature (800–1100 K) and oxygen pressure (1–10−4 atm),
at equilibrium conditions, allowed the determination of
structures of ionic and electronic defects, related to the non-
stoichiometry of the oxygen sublattice. The charge transport
mechanism could also be determined in a wide temperature
range. The studies of structure, electrical conductivity
and thermoelectric power, performed at low temperatures,
together with the DSC results for doped manganese spinel,
LiCrxMn2−xO4, allowed the determination of charge trans-
port mechanism in the composition range ofx (0.1–0.5),
and at temperatures 200–320 K, i.e. at temperatures close
to the battery working temperature. Another aim of the
present paper is to resolve in the electronic diagram the
relative positions of manganese and chromium levels in
the chromium doped manganese spinel (based on studies
of electrical and electrochemical properties) in order to
correlate the changes in the Fermi level position with the
changes in the Li+/Li Cr Mn O cathode potential.
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ity measurements. The pellets were shaped into elongated
rectangular samples. Contacts were made with the aid of a
conducting silver paste with acrylic resin as a binder.

A dynamic method was chosen for measurements of
thermoelectric power. A small, growing (1–2◦C) variable
temperature gradient was applied and the respective ther-
moelectric voltage was measured. The value of the Seebeck
coefficient was calculated from an empirical dependence of
voltage on the temperature gradient (linear fit with the last
squares method).

High-temperature (300–1100 K) measurements of electri-
cal conductivity and thermoelectric power were performed
simultaneously on the same sample. The sample was placed
in a holder between two gold plates. Two thermoelements
Pt–PtRh10 attached to the plates were used to measure the
temperature at the end of the sample and simultaneously to
measure electrical conductivity. Two gold wires were wound
around the samples to measure the voltage drop in electri-
cal conductivity measurements. The thermoelectric power
was determined by simultaneously recording of the potential
and temperature changes at the ends of the sample, induced
by means of an electric heater. High-temperature electrical
conductivity and thermoelectric power measurements were
carried out in oxygen–argon gas mixture. The oxygen pres-
sure was determined by measuring EMF of a zirconia cell at
1070 K.
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. Experimental

.1. Preparation of samples

Spinel compounds with a chemical composit
iCrxMn2−xO4 (0 <x< 0.5) were prepared by solid sta
eaction at 800◦C. Stoichiometric amounts of Li2CO3,
nCO3 and Cr2O3 were mixed in an agate mortar a

ynthesized in air for 24 h at 800◦C. They were grounde
gain in the mortar and annealed in air at 800◦C. Such
btained materials were pressed under the pressu
0 Ton cm−2 to obtain pellets 1 mm thick, with a diameter
0 mm. The pellets were annealed in air for 48 h at 80◦C
nd cooled rapidly down to room temperature to freeze
igh temperature defect structure. X-ray studies reve

hat all of the obtained spinel samples were mono-phas
ad a cubic (Fd3m) structure.

.2. XRD electrical conductivity, thermoelectric power
nd DSC

The XRD patterns have been measured on XRD-7 Se
iffractometer equipped with a nickel filter and Cu K� radi-
tion was used. Lattice parameters were determined b
rogram Rayflex ver.2.286 (Rich. Seifert and Co.).

Electrical conductivity and thermoelectric power w
easured at temperatures range of 220–1100 K. Sta

our-probe AC method was used for electrical conduc
Thermal properties were studied using differential s
ing calorimetry (DSC) with Mettler Toledo 821e DSC appa
atus. The sample was placed in aluminum crucibles wit
mpty crucible used as a reference. The measurements
erformed both on cooling and heating in the tempera
ange 233–333 K with rates of 10 K min−1.

The chemical diffusion coefficient of lithium measu
ents were performed by GITT technique as describe
eppner and Huggins[13].

. Results and discussion

.1. Electrical and thermal properties of LiCrxMn2−xO4
t low temperatures

Fig. 1 shows the temperature dependence of elec
onductivity (Fig. 1a), thermoelectric power (Fig. 1b) and
he DSC results (Fig. 1c, [14]) for LiCrxMn2−xO4 with the
hromium content of 0.1, 0.2, 0.3, 0.4 and 0.5. For com
son’s sake, the characteristics for stoichiometric spine
lso shown. In the case of stoichiometric spinel, anoma
lectrical and thermal effects accompany the phase tran
bserved at 290 K (between a cubic and orthorhom
hase)[9]. The obtained results (Fig. 1) indicate that th
ubstitution of Mn3+ ions (3d4) with Cr3+ (3d3) ions results

n the disappearance of the phase transition in manga
pinel. The observed activation character of electrical
uctivity, together with the lack of temperature depende
f thermoelectric power, as well as its high values
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Fig. 1. Temperature dependences of electrical conductivity (a), thermoelec-
tric power (b) and DSC (c) of the LiCrxMn2−xO4.

the order of−150�V K−1) indicate a polaron mechanism
of charge transport, as in the case of undoped manganese
spinel. It can be noticed that increasing the chromium content
(Fig. 1a and b) worsens the electrical transport properties, the
conductivity decreases with increasing chromium content

Fig. 2. Activation energy of electrical conductivity for LiCrxMn2−xO4

spinel.

(0.1–0.5) by half an order of magnitude. This is related to the
decrease in effective carrier concentration, which, in the case
of manganese spinel (a mixed valence system) is expressed
by the product [Mn3+][Mn4+]. Decreasing concentration of
effective carriers is partially compensated by their increasing
mobility, manifesting itself by lowering the conductivity
activation energy (activation energy of carriers mobility)
related to the lowering of the lattice parametera with the
increase in the chromium content (Figs. 2 and 3).

The presented results (Fig. 1) indicate that Cr3+ ions do not
directly participate in charge transport at temperatures close
to room temperature (working temperature of the batteries).
This can be related to the configuration and positions of Mn3+

and Cr3+ ions electronic levels, shown schematically inFig. 4.
XPS results confirm the proposed mechanism of charge

transport in the chromium doped manganese spinel[14].
These results indicate that, as expected, Cr3+ ions isomorphi-
cally replace Mn3+ ions, resulting in the observed increase
in average valence of manganese with increasing chromium
content.
Fig. 3. Lattice parameter for LiCrxMn2−xO4 spinel.
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Fig. 4. Diagram of electronic levels in LiCrxMn2−xO4 spinel.

Fig. 5. Temperature dependence of electrical conductivity for chromium
doped manganese spinel LiCr0.3Mn1.7O4 in air.

3.2. Electrical properties of LiCr0.3Mn1.7O4 at high
temperatures

Figs. 5 and 6show the temperature dependence of
electrical conductivity and thermoelectric power for both,
chromium doped and pure spinels in the 300–800◦C tempera-
ture range. Above 600◦C, the obtained results reflect the con-
ditions of thermodynamic equilibrium. The character of both

Fig. 6. Temperature dependence of thermoelectric power for chromium
d

Fig. 7. Electrical conductivity as a function of oxygen partial pressure of
LiCr0.3Mn1.7O4 for different temperatures.

dependencies can be explained based on the proposed model
of electronic levels (Fig. 4). The observed conductivity activa-
tion energy for the pure spinel, equalling 1 eV, corresponds to
the electronic transitions t2g Mn–eg Mn, which is manifested by
thermoelectric power approaching zero (Fig. 6). The conduc-
tivity activation energy for LiCr0.3Mn1.7O4, equals 0.63eV,
and corresponds to the transitions t2g Cr–eg Mn.

This means that, at high temperatures, as opposed to low
temperatures, Cr3+ ions take part in the charge transport in
manganese spinel.

Figs. 7 and 8show the electrical conductivity and
thermoelectric power for LiMn2O4 and LiCr0.3Mn1.7O4,
as a function of oxygen pressure under the conditions of
thermodynamic equilibrium at several temperatures. For
the chromium doped spinel, which is stable at low partial
oxygen pressures, the electrical measurements were possible
to be performed in widepO2 range. The effective reaction
related to the oxygen sublattice non-stoichiometry (oxygen

F re of
L
oped manganese spinel LiCr0.3Mn1.7O4 in air.
ig. 8. Thermoelectric power as a function of oxygen partial pressu
iCr0.3Mn1.7O4 for different temperatures.
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vacancies) is the reduction of Mn4+ into Mn3+:

Mn4+ + e ⇔ Mn3+ (1)

The lowering of electrical conductivity observed with the de-
crease in oxygen pressure, i.e. with increasing concentration
of oxygen vacancies, being rare phenomenon in non-
stoichiometric compounds (but observed, e.g. well known
YBa2Cu3O7−δ) and is related to the decreasing concentration
of effective carriers, what in this mixed valence compound is
the product [Mn3+][Mn4+]. The measurements of electrical
conductivity of LiCrxMn2−xO4 at high temperatures indicate
that chromium ions take part in the charge transport (activa-
tion energy equal 0.63 eV as compared to 1eV for LiMn2O4,
Figs. 4 and 5). Charge transport takes place simultaneously
above and below the Fermi level. Electrical conductivity
may be expressed as sum of two contributions:

σ = σMn + σCr (2)

Therefore, the formula for thermoelectric power is more
complex and takes on the following form:

α = αMnσMn + αCrσCr

σMn + σCr
(3)

whereσMn andαMn denotes, respectively, contributions to
conductivity and thermoelectric power originating from elec-
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Fig. 9. Charge curves for Li/Li+/LiyCrxMn2−xO4 cells.

xCr = 0.1, for which the Mn3+ content is 0.9 mole mole−1, a
jump in potential is detected at the lithium content ofy= 0.1
(Fig. 9). The capacity for this material, in the range of 5 V,
is only 0.1 mole and is related to the amount of Cr3+ ions.
Analysis of the charging curves, shown inFig. 9, indicates
that in the case of chromium doped manganese spinel, in the
range up to 0.4 mole mole−1, there exists a quantitative cor-
relation between the cathode material capacity in the range
of 4 V, and the amount of Mn3+.

Fig. 10. Temperature dependence of electrical conductivity for deinterca-
lated spinel LiyCr0.3Mn1.7O4.
rons on the eg manganese levels; similarlyσCr andαCr analo-
ous contributions from holes on the t2gchromium levels. Th
hange of the thermoelectric power sign from negative to
tive with dropping oxygen partial pressure (Fig. 8), indicates
owering of manganese conductivity contributionσMn due to
alling of effective carrier concentration, therefore, mak
isible the positive contribution to the total thermoelec
ower related to electron holes at t2g chromium levels.

.3. Electrochemical properties of LiyCrxMn2−xO4
0< x< 0.5)

Fig. 9 shows the charging curves for Li/Li+/Liy
rxMn2−xO4 batteries at the following cathode compo

ions:x= 0.1, 0.2, 0.3 and 0.4. A jump observed on the ch
ng curve (∼0.5 V) is related to a sudden change in the cath

aterial’s Fermi level position during the lithium deinter
ation process[14]. The value of the potential jump corr
ponds to energetic separation of t2gCr and eg levels (Fig. 4),
bserved also as the high-temperature conductivity activ
nergy of 0.6 eV (seeFig. 5). Consequently in the proce
f electrochemical deintercalation (charging), electrons

aken from the egMn level and then, after they are exhaus
rom the t2gCr level (Fig. 4). Analysis of these curves r
eals that the voltage jump (its position is a function ofyLi )
s quantitatively correlated with the amount of Mn3+ in the
athode material. The potential plateau of 4V is related t
xidation of Mn3+ into Mn4+, while that of the 5V platea
orresponds to oxidation of Cr3+ into Cr4+. Thus, for exam
le, in the case of cathode material having the compos
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Fig. 11. Temperature dependence of thermoelectric power for deinterca-
lated spinel LiyCr0.3Mn1.7O4 samples with 0.80 <y< 0.95 (a) and with
0.25 <y< 0.85 (b).

3.4. Transport properties of the deintercalated
LiyCr0.3Mn1.7O4 spinel

Figs. 10 and 11show the temperature dependence of elec-
trical conductivity and thermoelectric power for deinterca-
lated spinel LiyCr0.3Mn1.7O4 having a lithium content of
y= 0.95; 0.90; 0.85; 0.80; 0.60; 0.50; 0.35 and 0.25. One
can notice that with lithium deintercalation, initially electri-
cal conductivity increases and after the dependence is not
pronounced (Fig. 10). The conductivity activation energy
(Fig. 12) decreases with falling lithium content, which is
caused by the diminishing of the lattice parameter (Fig. 13).
Measurements of thermoelectric power of deintercalated
spinel LiyCr0.3Mn1.7O4 (Fig. 11) show the existence of strong
maxima near room temperature in the sample with the lithium
content ofy= 0.80. The observed peak in thermoelectric
power, of the order of 1600�V K−1, cannot be explained
by any conventional mechanism. Similar effects were de-
tected in the deintercalated pure manganese spinel[9], and

Fig. 12. Activation energy of electrical conductivity for deintercalated
LiyCr0.3Mn1.7O4 as a function of lithium content.

also in the deintercalated spinel doped with Fe, Co, Ni and
Cu[15]. The observed anomalous electronic effects indicate
a high diffusivity of electrons near the Fermi level. This is
important for charge transport in the process of electrochem-
ical deintercalation/intercalation.Fig. 14shows the results of
measurements of the lithium chemical diffusion coefficient,
for the deintercalated chromium doped manganese spinel
LiyCr0.3Mn1.7O4, performed as a function of the lithium con-
tent. The obtained values of the lithium chemical diffusion
coefficient, are on the order of 10−9–10−8 cm2 s−1. It is inter-
esting to notice that for the lithium content ofy= 0.8, when
an anomalous peak in thermoelectric power was observed
at room temperature, the lithium chemical diffusion coeffi-
cient (Fig. 11) has the highest value. The minimum value of
the lithium chemical diffusion coefficient, observed for the
lithium content of 0.4–0.55, i.e. at the end of 4 V range in
the charge curve, is related to the significant deterioration
of transport properties, as electrons from egMn level have all

F
o

ig. 13. Lattice parameter of deintercalated LiyCr0.3Mn1.7O4 as a function
f lithium content.
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Fig. 14. Chemical diffusion coefficient of lithium in deintercalated
LiyCr0.3Mn1.7O4.

been used up, and the transport over t2gCr levels is not yet pos-
sible (Fig. 4). When the oxidation of Cr3+ into Cr4+ begins,
the possibility of transport over t2gCr levels appears, and the
lithium chemical diffusion coefficient (ambipolar diffusion)
slightly improves.

4. Conclusions

The substitution of Mn3+ ions with the Cr3+ ones, results in
the suppression of phase transition in the manganese spinel
At low temperatures, chromium does not participate in charge
transport. A close correlation between the amount of substi-
tuted chromiumxCr and battery charging curves is related
to the electronic structure of cathode material. A 4 V poten-
tial plateau corresponds to the oxidation of Mn3+ into Mn4+,

while a 5 V plateau is related to the oxidation of Cr3+ into
Cr4+. A jump in the Li/Li+/LiyCrxMn2−xO4 battery charging
curve (OCV) corresponds to the energy distance egMn–t2gCr.
Anomalous electronic effects in the chromium doped deinter-
calated spinels are related to the high efficiency of the lithium
deintercalation process.
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