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LiM
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 Cu, Mg and Zn; 
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 �

 

 0.5) was synthesized and the variance of the crystal structure and the
electrical conductivity due to the substitution were studied.  The crystal structure was changed by substitution, and the
lattice constants decreased with 

 

x

 

 in LiZn

 

x

 

Mn

 

2

 

−

 

x

 

O

 

4

 

.  Both Zn and Li ions occupied tetrahedral sites.  The Li–O bond be-
came longer and Mn–O became shorter with increasing the content.  The electrical conductivity for Mg and Zn com-
pounds decreased from 10

 

−

 

4

 

 S cm

 

−

 

1

 

 to 10

 

−

 

7

 

 S cm

 

−

 

1

 

 with an increase in the Mg and Zn content.  In the Cu compound, the
conductivity was not changed very much.  The infrared spectra for the Mg and Zn compounds shifted with 

 

x

 

, indicating
that the Mn–O bond became shorter and the Li–O bond longer with an increase in 

 

x

 

.  An XPS study showed a conversion
of Mn

 

3

 

+

 

 to Mn

 

4

 

+

 

 with increasing the Mg, Zn or Cu content in these compounds.

 

Recently, high-performance batteries have stirred up inter-
est, and many battery types have been developed for commer-
cial use.  Rechargeable lithium-ion batteries have been studied,
especially because they exhibit the highest specific energy
among rechargeable batteries.  Each component of Li batteries
has been extensively developed for improving the capacity and
cycle-ability.  Transition metal oxides, such as LiCoO

 

2

 

,
LiNiO

 

2

 

, and LiV

 

3

 

O

 

8

 

, have been studied as positive electrodes
for several years.

 

1–3

 

Spinel LiMn

 

2

 

O

 

4

 

 is used as a cathode material for recharge-
able lithium batteries, and many studies have been carried out
because of its low cost and low toxicity.

 

4–6

 

  This material has a
three-dimensional tunnel structure, and shows a reversible in-
tercalation of lithium ions.  The main operating problem for
LiMn

 

2

 

O

 

4

 

 is a capacity drop resulting from a structural distor-
tion due to a Jahn–Teller effect of the Mn

 

3

 

+

 

 ion; therefore, sev-
eral dopants such as Co, Al, Ni, and Zn were added to reduce a
Jahn–Teller distortion and to improve the rechargeability.

 

7–10

 

In general, the electrical conductivity is affected by a small
amount of the dopants.  Therefore, the electrical conductivity
is expected to change with the content of the dopants.

It was reported that LiMn

 

2

 

O

 

4

 

 is a small-polaron semicon-
ductor, and that the mobility of e

 

g

 

 electrons on Mn

 

3

 

+

 

 ions car-
ries an activation energy.

 

11

 

  An investigation of the electrical
conduction is very important because it is one of the most es-
sential functions for application as the cathode material.  In
this paper, the effects of substituting Mg, Cu and Zn for Mn on
the structure and the electrical conduction in LiM

 

x

 

Mn

 

2

 

−

 

x

 

O

 

4

 

 (M

 

=

 

 Mg, Cu and Zn; 0 �

 

 

 

x

 

 �

 

 0.5) are discussed.

 

Experimental

 

LiM

 

x

 

Mn

 

2

 

−

 

x

 

O

 

4

 

 was prepared by reacting the required stoichio-
metric amounts of Li

 

2

 

CO

 

3

 

, MgCO

 

3

 

, CuO, ZnO, and MnO

 

2

 

, re-
spectively.  The mixed powders were calcined at 750 °C in air for
40 hours and slowly cooled down to room temperature.  Powder
X-ray diffraction patterns were recorded using Cu-

 

K

 

α

 

 radiation to

characterize the samples.  The X-ray patterns of the samples
showed a single-phase spinel compound.  The structures of these
samples were determined from X-ray data using the Rietveld
method.

 

12

 

  The AC conductivity was measured at 11 frequencies
between 100 Hz and 100 kHz in a dry nitrogen atmosphere (YHP
LCR meter 4274A).  A complex-plane impedance analysis was
carried out to obtain the bulk conductivity.  IR spectra were re-
corded with 2 cm

 

−

 

1

 

 resolution between 400 cm

 

−

 

1

 

 and 4000 cm

 

−

 

1

 

using a DR-8060 (Shimadzu) spectrometer.  X-ray photoelectron
spectroscopic (XPS) measurements were performed to identify the
chemical state of Mn.

 

Results and Discussion

Crystal Structure.    

 

Li ions occupy tetrahedral sites sur-
rounded by O ions, and Mn ions occupy octahedral sites in the
spinel LiMn

 

2

 

O

 

4

 

 compound.  It was reported that Cu ions in
LiCu

 

0.5

 

Mn

 

1.5

 

O

 

4

 

 occupy the tetrahedral site as well as the octa-
hedral site.

 

13

 

  For LiMg

 

x

 

Mn

 

2

 

−

 

x

 

O

 

4

 

, the lattice constant de-
creased with increasing Mg content; its crystal structure be-
longs to a new space group at 

 

x

 

 

 

>

 

 0.33.

 

14

 

  In the case of
LiZn

 

x

 

Mn

 

2

 

−

 

x

 

O

 

4

 

 (0 �

 

 

 

x

 

 �

 

 0.5), substitution for the Mn ion
caused a change in their crystal structures and their lattice con-
stants varied with 

 

x

 

, as follows.  In the case of LiM

 

x

 

Mn

 

2

 

−

 

x

 

O

 

4

 

(M 

 

=

 

 Mg and Cu; 0 �

 

 

 

x

 

 �

 

 0.5), their lattice constants varied
with 

 

x

 

 due to substitution for Mn.
Figure 1 shows the powder X-ray diffraction patterns of

LiZn

 

x

 

Mn

 

2

 

−

 

x

 

O

 

4

 

 (0 �

 

 

 

x

 

 �

 

 0.5).  A new peak appeared by Zn
substitution, indicating that the Li, Zn, and Mn ions were or-
dered in octahedral 16d sites.  The space group of LiZn

 

x

 

Mn

 

2

 

−

 

x

 

O

 

4

 

was found to be 

 

P

 

2

 

13 from these XRD patterns.  The {200}
and {220} diffraction peaks at 2θ = 21.7° and 30.9° become
larger with increasing Zn content, which suggests that Zn oc-
cupies the tetrahedral sites.  The XRD patterns shown in Fig. 1
were analyzed by the Rietveld method in thorough consider-
ation of these findings.  The results of Rietveld analyses for x
= 0.5 are shown in Fig. 2, and Table 1 summarizes the data ob-
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tained in the Rietveld analyses.  The space group of LiMn2O4

was Fd3m based on analyses, and that of LiZnxMn2−xO4 was
P213.  Rwp, RF and S (= Rwp/Re) were within 15%, 5% and 1.3
in all of the analyses.  The Zn and Li ions occupied the tetrahe-
dral sites.  LiZnxMn2−xO4 has two sorts of tetrahedral sites and
the distributions of Zn and Li in both tetrahedral sites were
found to be disordered.  There are two sorts of octahedral sites,
4a and 12b, in the LiZnxMn2−xO4; the 12b site is occupied only
by Mn, and the 4a site is occupied by the remaining Mn and
Li.  In LiZn0.5Mn1.5O4, the coordinates of the 4a and 12b octa-
hedral site are (x, x, x), x = 0.634(1) and (0.6290(5),
0.1317(4), 0.1363(4)), respectively.  Those of two 4a tetrahe-
dral sites are x = 0.003(1) and 0.243(1).  The ratio of the each
element obtained by handling the occupancy of each site inde-

pendently was in good agreement with the result from XPS
measurements.

The lattice constants of LiZnxMn2−xO4 are summarized in
Table 1, and gradually decrease with increasing x, similar to
those of Cu and Mg compounds.  The ionic radius of the Mn3+

ion is smaller than that of the Zn2+, Mg2+ and Cu2+ ions,15 and
the lattice constants of their compounds were estimated to be
larger than that of the original LiMn2O4.  The substitution of
the bivalent cation, however, causes an increase of the amount
of Mn4+ ion, whose ionic radius is smaller than that of Mn3+.
Therefore, the lattice constants were decreased by substitution
of those bivalent cations.  The bond lengths were varied with x
in each compound.

FT-IR Spectroscopy.    Figure 3 shows the x dependence of
the Fourier transformation infrared (FT-IR) spectra between
400 cm−1 and 800 cm−1 for LiMn2O4 and LiMxMn2−xO4 (Mg
and Cu).  Each spectrum consisted of two bands whose center
wave numbers were ca.620 and 525 cm−1.  According to previ-
ous papers,16–18 the peaks between 614 and 633 cm−1 and be-
tween 510 and 513 cm−1 are attributed to asymmetric stretch-
ing modes of the octahedral MnO group.  On the other hand, a
peak of the tetrahedral LiO group is expected to appear be-
tween 500 and 550 cm−1.19  Therefore, the observed peak at
525 cm−1 is an overlapping of the LiO and MnO vibration
peak.  No significant changes were observed, and some of
these bands shifted slightly following an increase in the
amounts of substitution.  In Mg and Zn compounds, the substi-
tutions shift the positions of the band at 525 cm−1 to a lower
wave number; in contrast another band at 614 cm−1 is shifted
to higher wave numbers.  A Rietveld analysis of the XRD pat-
terns indicate that the Mn–O bond becomes shorter and Li–O

Fig. 1.   Powder X-ray diffraction patterns of LiZnxMn2−xO4

(0 � x � 0.5) at 297 K.

Fig. 2.   The results of the Rietveld analysis of X-ray diffrac-
tion patterns for LiZn0.5Mn1.5O4 at 297 K.

Table 1.   Results of the Rietveld Analysis

Compound Lattice constant/pm Rwp Rp

LiZn0.1Mn1.9O4 821.19(3) 12.5 9.5
LiZn0.2Mn1.8O4 820.38(4) 14.5 11.1
LiZn0.3Mn1.7O4 819.27(4) 13.2 10.7
LiZn0.4Mn1.6O4 818.78(4) 13.9 10.1
LiZn0.5Mn1.5O4 818.16(3) 10.5 7.8

Fig. 3.   x dependence of FT-IR spectra for LiMxMn2−xO4 (M
= (a) Mg, (b) Cu) showing two bands centered at 620 cm−1

and 530 cm−1.
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becomes longer with x; further, the changes in the IR spectra
for Mg and Zn compounds also exhibit similar phenomena.  In
addition, the peaks become broader with increasing x, as
shown in Fig. 3 due to the diversity of cations in the octahedral
sites.  In the Cu compound, the position of the band at 525 cm−1

was shifted to lower wave numbers with x, and both peaks be-
came broader, indicating that the Li–O bond became longer
and the distribution of the cations may disturb the interaction
between the cation–oxygen bonds.

Electrical Conductivity.    The temperature dependence of
the electrical conductivity for LiMgxMn2−xO4 is shown in Fig.
4.  The conductivity for all compounds was increased with ris-
ing temperature.  With increasing the Mg or Zn content, the
conductivity decreased and its slope became steep.  The activa-
tion energy is obtained from the equation

σ(T) = A exp (−Ea/RT) T−1, (1)

where σ(T) and A are the electrical conductivity and a pre-ex-
ponential parameter.  By fitting (1) to the observed data, the ac-
tivation energies were evaluated to be 48 kJ mol−1 and 67 kJ
mol−1 for LiMg0.1Mn1.9O4 and LiMg0.5Mn1.5O4.  Figure 5
shows plots of the electrical conductivity at 300 K (a) and the
activation energy (b) against x in each compound.  The con-
ductivity in both LiMgxMn2−xO4 and LiZnxMn2−xO4 decreased
from 10−4 S cm−1 to 10−7 S cm−1 and the activation energy in-
creased with x.  In Cu compounds, the conductivity changed
slightly compared with Mg and Zn compounds, and the activa-
tion energies were between 42 to 45 kJ mol−1.  The conductiv-
ity for LiMn2O4 is mainly governed by the electronic conduc-
tion due to the eg electron of the Mn3+ ion.  The ionic conduc-
tivity for the Li ion of all compounds was very small in our ex-
periments using an electron-blocking electrode (Li ion conduc-

tive glass).  These results indicate that Mg and Zn substituted
for Mn have no contribution to the electrical conduction but Cu
for Mn contributes to the electrical conductivity in each com-
pound.  This is consistent with the result for Li1−2xCuxMn2O4

in our previous paper.20  It was expected that the decrease in
the conductivity for Mg and Zn compounds is produced by a
lack of Mn(Ⅲ)–O bond due to substitution for Mn.  The slight
decrease in the conductivity for the Cu compound may be
caused by a decrease in the Mn(Ⅲ)–O bond and a partial
change of the Mn–O bond for the Cu–O bond.

X-ray Photoelectron Spectroscopy.    Information of the
oxidation state of manganese ions was obtained from the
change in the XPS spectra of the Mn2p3/2 signal.  Figure 6
shows the Mn2p3/2 spectra of LiMn2O4, LiCu0.5Mn1.5O4,
LiMg0.5Mn1.5O4 and LiZn0.5Mn1.5O4.  The spectrum for
LiMn2O4 exhibits two components after peak deconvolution.
Each component is shown in Fig. 6 by the dotted line.  The
peak observed at about 641.8 and 642.8 eV, whose binding en-
ergies are consistent with the binding energy for Mn3+ and
Mn4+, respectively, are given in previous literature.21  The peak
intensity of the Mn3+ ion is almost the same as that of the
Mn4+ ion in LiMn2O4.  For LiMg0.5Mn1.5O4 and LiZn0.5-
Mn1.5O4, each spectrum has one component corresponding to
the Mn4+ ion.  These results indicate that the oxidation states
of the manganese ion in LiMgxMn2−xO4 and LiZnxMn2−xO4 are
changed with Mg or Zn doping, and that all manganese ions
become Mn4+ ion at x = 0.5.  For LiCu0.5Mn1.5O4, however,
the Mn2p3/2 spectrum has two components, indicating the ex-
istence of both Mn3+ and Mn4+ ions.  The relative intensity of

Fig. 4.   Temperature dependence of electrical conductivity
for LiMgxMn2−xO4 plotted against the inverse of tempera-
ture.

Fig. 5.   x dependence of electrical conductivity (a) at 300 K
and activation energy (b) for conduction in LiMxMn2−xO4

(M = Mg (�), Zn (�), and Cu (�)).  The dotted lines are
for a guide.
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Mn3+ to Mn4+ decreased with increasing the Cu content, indi-
cating that the Mn3+ ion partially converted to Mn4+ ion. The
existence of an impurity phase was not confirmed, and the dif-
ference in the amounts of oxygen atoms due to Cu substitution
was hardly noticed.  The reason for this result could not be in-
terpreted sufficiently.

Conclusion

The lattice constants in LiMxMn2−xO4 were varied by sub-
stitution.  The bond lengths were also varied by substitution in
Zn and Mg compounds, and no significant difference was ob-
served in Cu compounds.  The electrical conductivity for Mg
and Zn compounds decreased from 10−4 S cm−1 to 10−7 S
cm−1.  Because the conductivity for LiMn2O4 is mainly gov-
erned by the electronic conduction due to the Mn3+ ion, the de-
creases in the conductivity arises from a lack of the Mn(Ⅲ)–O
bond.  In the Cu compound, the conductivity did not change
very much because all of the Mn3+ ions were not necessarily
changed to Mn4+ ions even in LiCu0.5Mn1.5O4, and the
Mn(Ⅲ)–O bond may contribute to the electrical conduction.
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