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bstract

Substituted LiRxMn2 − xO4 (R = La3+, Ce3+
, Pr3+ and x = 0.00 − 0.20) nanoparticles are prepared by the sol–gel method and the consequent

hanges in their lattice structure, dielectric and electrical parameters are determined by XRD, ED-XRF, SEM, LCR meter bridge and dc electrical
esistivity measurements. Diffraction data show that the samples are single-phase spinel materials with crystallites sizes between 21 and 38 nm. The
attice parameter, cell volume and X-ray density are found to be affected by doping the Li-manganate with the rare-earth elements. The ED-XRF
nalysis confirms the stoichiometric composition of the synthesized samples and SEM reveals their morphology. Calculated values of the dielectric
onstant (έ) and the dielectric loss (tan δ) decrease with the frequency of the applied field. This is attributed to Maxwell–Wagner polarization.
eplacement of manganese by the rare-earth elements results in an improvement in the structural stability of the material, which is considered to

e useful for enhancement of the cycleability of the compounds when used in lithium rechargeable batteries, and increases significantly the values
f έ and tan δ (except for Ce). Lithium manganate nanomaterials with high έ and low tan δ may be attractive for application in memory storage
evices.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Nanocrystalline materials have shown significant promise
n industry and technology [1]. This is mainly because their
ptical, electrical, mechanical, electronic and chemical prop-
rties are a function of their dimensions, which makes them
uperior in various applications compared with their bulk coun-
erparts [2]. The use of nanocrystalline materials will lead to
he miniaturization and exploitation of their unique proper-
ies. Recently, with the development of mobile communication
nd portable computers, there is an increasing requirement for
dvance energy-storage systems with high specific energy and
ower capacity [3]. The increased demand for lithium-ion bat-
ery applications such as hybrid electrical vehicles (HEVs) and

lectrical vehicles (EVs) has attracted much attention in search
f low cost, safer and non-toxic cathode materials [4]. Lithium
anganese oxide (LiMn2O4) is by far the most promising mate-
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ial for lithium rechargeable batteries. In general, for battery
pplications, LiMn2O4 powder possessing a single-phase, good
omogeneity, uniform particle morphology with sub-micron
ize distribution and large surface area is desirable in order to
chieve better electrode properties [5,6]. The intrinsic proper-
ies of ceramic materials are influenced by: (i) the shape, size,
rientation, voids, inhomogeneities, etc. of the grains, (ii) the
arge percentage of their atoms in grain boundary environments
nd (iii) the interactions between grains [7].

In order to obtain pure crystalline, single, domain particles
f lithium manganese oxide, different synthetic techniques such
s sol–gel precipitation [8], the Pechini process [9], microemul-
ion [10,11] and electrochemical processes [12,13] have been
eveloped. In this work, a citrate precursor method [14] has
een adopted for the synthesis of lithium manganese oxide and
ts rare-earth element-doped derivatives. Because this method
ffers several advantages such as a high degree of homogeneity,

narrow particle-size distribution, a high surface area to volume

atio, good control of stoichiometry, lower calcination temper-
ture and shorter processing time [15]. Iqbal and Zahoor [16]
ave reported the effect of annealing temperature on the struc-
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the rare-earth elements reduce the Mn content, increase the
average ionic valence of the Mn ion, constrain the possibility
of Jahn-Teller distortion, and stabilize the cubic spinel struc-
ture of LiMn2O4 [17]. This stabilization enhances the cycling
64 M.J. Iqbal, Z. Ahmad / Journal o

ural and electrical properties of LiMn2O4 doped with Cr, Fe, Co,
i, Cu and Zn. Liu et al. [17] have studied the thermal, structural

nd electrochemical properties of Er-doped LiMn2O4. Zheng-
hun et al. [18] have investigated the electrochemical properties
f LiMn2O4 in which Mn was partly replaced by Nd and Ce.
o the best of authors’ knowledge, the dielectric properties of

ithium manganate nanomaterials have not been reported. These
aterials have high dielectric constants, low dielectric losses,

nd, therefore, they are extensively applicable in discrete and
ultilayer (MLC) capacitors, microwave telecommunications

pplications and low-loss substrates for microwave integrated
ircuits [19]. The high dielectric constant materials are also very
ignificant in advanced microelectronics technologies such as
ynamic random access memories (DRAM) [20].

The main purpose of the present work is to minimize the
rystallite size, enhance the structural stability and dielectric
roperties of the lithium manganese oxide by substitution of
are-earth elements (La3+, Ce3+and Pr3+). An attempt is made
o evaluate the affect of the substituents on the electrical and
ielectric properties of LiMn2O4.

. Experimental

The materials used in the synthesis of LiMn2O4 and its
erivatives doped with rare-earth elements were prepared from
igh-purity chemicals, namely: manganese acetate tetra hydrate
Merck, 99.9%), lithium nitrate (Fluka, 98.5%), citric acid
Sigma, 99.5%), lanthanum nitrate hexa hydrate (BDH, 98%),
erium nitrate hexa hydrate (Merck, 98.5%), praseodymium
itrate penta hydrate (Fluka, 99%), and ammonia solution
Aldrich, 33.0%).

The citric acid assisted sol–gel method [14] has been adopted
o prepare nanosized lithium manganate and its derivatives
oped with rare-earth elements for the present investigation.
queous solutions of manganese acetate, lithium nitrate and

itric acid were mixed with mild stirring in a molar ratio of
i:Mn:citric acid = 1:2:3. The pH of the mixed solution was
aintained at 7.0 using a pH meter and drop-wise addition of

.0 M ammonia solution. In order to remove excess ammonia
nd water, the solution was heated on a hot plate at 80 ◦C for 4 h
ith vigorous stirring until a gel was formed. The metal-citrate
el was dried in an oven at 120 ◦C for 8 h to form the precursor.
he dried sample was then sintered in air using a temperature-
rogrammed tube furnace at a heating rate of 5 ◦C per min at
00 ◦C for 8 h.

The compound formation, phase purity and crystallinity of
he prepared spinel materials were identified by powder XRD
atterns recorded with a PANalytical 3040/60 X‘Pert PRO X-
ay diffractometer equipped with a Cu K� radiation source of
5 kV and 40 mA. The procedure involved a step of 0.04◦ over
range of 10–80◦ and a scan speed of 1 s per step. The nominal
ompositions of the synthesized materials, i.e., LiRxMn2 − xO4
R = La3+, Ce3+, Pr3+ and x = 0.00–0.20), were confirmed by

eans of ED-XRF spectrometry (Horiba MESA-500). The mor-

hological features were analyzed through scanning electron
icroscopy (Hitachi S-3400N). The dc electrical resistivity was
easured over a temperature range of 298 to 653 ± 5 K by the

F
x

er Sources 179 (2008) 763–769

wo-point probe method described elsewhere [21]. Dielectric
easurements were performed at room temperature in a fre-

uency range of 100 Hz to 1 MHz using an LCR meter bridge
Wayne Kerr LCR 4275).

. Results and discussions

.1. XRD analysis

XRD patterns of LiRxMn2 − xO4 (where R = La3+, Ce3+,
r3+and x = 0.00 − 0.20) are shown in Figs. 1–3. Well-defined
harp peaks with high crystallinity and perfect matching with
he standard pattern of LiMn2O4 (JCPDS card 00-035-0782)
re obtained for all the synthesized samples. The presence of
eaks corresponding to the planes (1 1 1), (3 1 1), (2 2 2), (4 0 0),
3 3 1), (5 1 1), (4 4 0) and (5 3 1) ratifies the well-defined spinel
tructure without any impurity.

The lattice constant (a) of each sample is calculated from
he hkl values of the diffraction peaks [22]. It can be seen from
able 1 that the value of the lattice constant for LiMn2O4 sam-
les containing different concentrations of La3+, Ce3+and Pr3+

s in the range 8.19 to 8.25 ± 0.02 Å. These values are in con-
ordance with the standard data for LiMn2O4 spinel material
a = 8.24 Å) given in JCPDS card 00-035-0782 [23]. Although
he ionic radii of the doped La3+ (1.15 Å), Ce3+ (1.01 Å) and
r3+ (1.09 Å) are larger than that of Mn3+ (0.66 Å) [24], it is
lear from the data in Table 1 that the value of lattice constant
ecreases with increasing dopant concentration because the rare-
arth elements doped in the octahedral sites have larger binding
nergy compared with the parent Mn3+ ion [25]. In addition,

3+
ig. 1. Comparison of XRD patterns of LiLaxMn2 − xO4 samples where (a)
= 0.00, (b) x = 0.04, (c) x = 0.08, (d) x = 0.12, (e) x = 0.16 and (f) x = 0.20.
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ig. 2. Comparison of XRD patterns of LiCexMn2 − xO4 samples where (a)
= 0.00, (b) x = 0.04, (c) x = 0.08, (d) x = 0.12, (e) x = 0.16 and (f) x = 0.20.

eversibility of lithium batteries [26,27]. The results are com-
arable with those evaluated by Liu et al. [17] and Zheng-shun
t al. [18]. The above-mentioned improvement in the binding
nergy of LiMn2O4 structure as a result of the doping of La3+,
e3+and Pr3+ is therefore considered to be useful. The cell vol-
me (V = a3) of the samples is also calculated and is found to
ary in a similar manner to that of the lattice constant (Table 1).

The X-ray densities of the samples are calculated from the
elationship: dx = ZM/NAVcell [28]. The value of X-ray density
ncreases with increase in dopant concentration (Table 1). This
ay be due to the combined effect of two factors, namely,
i) larger molar mass of the rare-earth elements than that of
anganese and (ii) the enhancement in the binding energy as

iscussed above.
d
i

able 1
omparison of lattice parameter (a), cell volume (V), crystallite size (D) and X-ray d

amples a (Å) ±0.01 V (Å3) ±0.

iMn2O4 8.24 559.47

iLa0.04Mn1.96O4 8.22 555.41
iLa0.08Mn1.92O4 8.23 557.44
iLa0.12Mn1.88O4 8.21 553.38
iLa0.16Mn1.84O4 8.20 551.37
iLa0.20Mn1.80O4 8.19 549.35

iCe0.04Mn1.96O4 8.25 561.51
iCe0.08Mn1.92O4 8.24 559.47
iCe0.12Mn1.88O4 8.23 557.44
iCe0.16Mn1.84O4 8.22 555.41
iCe0.20Mn1.80O4 8.21 553.38

iPr0.04Mn1.96O4 8.24 559.47
iPr0.08Mn1.92O4 8.23 557.44
iPr0.12Mn1.88O4 8.22 555.41
iPr0.16Mn1.84O4 8.21 553.38
iPr0.20Mn1.80O4 8.20 551.36
ig. 3. Comparison of XRD patterns of LiPrxMn2 − xO4 samples where (a)
= 0.00, (b) x = 0.04, (c) x = 0.08, (d) x = 0.12, (e) x = 0.16 and (f) x = 0.20.

The values of the crystallite size (D) of the synthesized sam-
les are calculated by the well-known Scherrer formula [29],
nd are found in the range 21 to 38 ± 0.01 nm.

The expected theoretical stoichiometric molar quantities of
n3+, La3+, Ce3+ and Pr3+ in the synthesized samples are com-

arable with the values calculated from ED-XRF data given in
able 2. The small error in the experimental (<2%) values may
e due to the highly hygroscopic nature of the rare-earth element
alts used for the preparation.

.2. SEM analysis
It is well known that the surface morphology and particle-size
istribution are also important determinants of the electrochem-
cal performance of lithium secondary batteries. Therefore, the

ensity (dx) of LiRxMn2 − xO4 (R = La3+, Ce3+, Pr3+ and x = 0.00 − 0.20)

01 D (nm) ±0.02 dx (g cm−3) ±0.02

36.98 4.32

27.20 4.41
29.00 4.50
20.80 4.58
28.70 4.64
26.93 4.75

37.78 4.36
31.97 4.46
24.96 4.54
27.84 4.60
26.36 4.71

25.65 4.40
35.36 4.48
24.34 4.59
23.98 4.68
24.80 4.77
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Table 2
Comparison of the theoretical and observed weight, determined by ED-XRF, of elements, i.e., La, Ce, Pr and Mn in LiLa0.04Mn1.96O4, LiCe0.04Mn1.96O4, and
LiPr0.04Mn1.96O4 samples

Samples Number of moles Observed weight (g) Theoretical weight (g)

LiLa0.04Mn1.96O4
La 0.043 5.973 5.899
Mn 1.950 107.129 107.100

LiCe0.04Mn1.96O4
Ce 0.041 5.745 5.665
Mn 1.952 107.239 107.179

L

m
t
h
(
p
s
t
s
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a
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t
l
e
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o

3

iPr0.04Mn1.96O4
Pr 0.040
Mn 1.965

orphology of the spinel LiMn2O4 powders and its deriva-
ives obtained by annealing the precursor for 8 h at 800 ◦C
ave been examined by the scanning electron microscopy
SEM) (Fig. 4). It can be seen that all of the synthesized
owders have a uniform porous morphology with a narrow
ize distribution. On the other hand, the extent of agglomera-
ion in the lithium manganate samples is greater. The particle
ize of the samples is in the range 40–80 nm. The difference

etween the particle sizes calculated from the Scherrer formula
nd those measured by SEM analysis indicates agglomera-
ion of nanometer-size particles. The porous morphology of
ithium manganate sample is beneficial for the diffusion of

s
d
i

Fig. 4. Scanning electron micrographs of (a) LiMn2O4, (b) LiLa0.1
5.594 5.520
107.953 107.899

he electrolyte into the interior of the particle [30], because
arge surface area enhances manganese dissolution. Thus the
xtraction–insertion of lithium becomes easier, so that the
ycleability (charge–discharge process) of the Li–Mn–O cath-
de is improved.

.3. Electrical resistivity measurements
The dc electrical resistivity of various samples has been mea-
ured as a function of temperature from 298 to 673 K. Resistivity
ecreases with increase in temperature, as shown in Fig. 5, which
ndicates semi-conducting behaviour. Fig. 6 shows a clear rela-

2Mn1.88O4, (c) LiCe0.12Mn1.88O4 and (d) LiPr0.12Mn1.88O4.
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Figs. 9 and 10 show that the dielectric constant (έ) and dielectric
ig. 5. Plot of dc electrical resistivity of LiLaxMn2 − xO4 (x = 0.00 − 0.20) sam-
les vs. temperature.

ionship between electrical resistivity and the La3+, Ce3+and
r3+ content, x, at a temperature of 298 ± 5 K. The resistivity of

he substituted LiMn2O4 samples increases up to dopant con-
entration levels of x ≤ 0.16 but decreases on further increase in
oncentration.

These observations can be explained on the basis of conduc-
ion in LiMn2O4 occurring via small-polaron hopping between

n3+ and Mn4+, i.e., unpaired electrons from the eg orbitals
f high-spin Mn3+ (d4) hop to neighbouring low-spin Mn4+ (d3)
ons. Both the eg orbitals of the metal ion lie on the same octahe-
ral site so these are equivalent in energy and hopping is limited
o orbitals of the same energy as has been described elsewhere
31].

Mn3+ acts as a small-polaron carrier in this system and a
esulting decrease in their number would also lead to increase in
esistivity of the substituted lithium manganate compounds [16].
he substitution of rare-earth ions tend to decrease the Mn3+

oncentration at the octahedral sites and as a result the frequency
f hopping of electron decreases. Exceeding the specific limit of
he dopant concentration may cause the transfer of Mn3+ from
he tetrahedral to the octahedral site and result in a decrease
n resistivity. The loss in resistivity with temperature is mainly

egarded as a consequence of the thermally activated mobility
f the carriers (electrons or holes) [32].

ig. 6. Plot of dc electrical resistivity of LiRxMn2 − xO4 samples at 298 K vs.
opant ion content (x) where R = La+3, Ce+3, Pr+3 and x = 0.00 − 0.20.

l
(
e

F
d

ig. 7. Plot of ln ρ vs. 1/T for LiLaxMn2 − xO4 samples where x = 0.00 − 0.20.

The Arrhenius-type plot for the resistivity, ln ρ, of small-
olaron conduction should be linear with temperature, 1/T, in
ccordance with the relation, ρ = ρoexp(Ea/kBT) [33], where ρo
s a constant, Ea is the energy of activation, kB is the Boltzmann
onstant. The plots of ln ρ versus 1/T for the samples contain-
ng the rare-earth elements as dopants are linear (Fig. 7). The
nergy of activation of hopping (Ea) of the synthesized samples

s calculated from the slope of the aforementioned plots and
aries from 0.33 to 0.41 eV. Fig. 8 shows the dependence of Ea
n La3+, Ce3+and Pr3+ content, x. The trend is comparable with
he compositional variation of dc electrical resistivity (Fig. 6),
s discussed above. The samples that have high resistivity also
ave high Ea, and vice versa.

.4. Dielectric properties

To our knowledge, studies of the dielectric properties of
ithium manganate nanoparticles have not been reported. There-
ore, we measured the values of dielectric constant and dielectric
oss of LiMn2O4 and its derivatives in a frequency range of
00 Hz to 1 MHz at room temperature. The results given in
oss (tan δ) initially decrease rapidly with increase in frequency
f) and become constant at higher frequencies because the
lectron-exchange interaction (hopping) between the Mn3+ and

ig. 8. Plot of activation energy of hoping (Ea) of LiRxMn2 − xO4 samples vs.
opant ion content where R = La+3, Ce+3, Pr+3 and x = 0.00 − 0.20.
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Table 3
Comparison of dielectric constant (έ) and dielectric loss (tan δ) of LiRxMn2 − xO4 (R = La3+, Ce3+, Pr3+ and x = 0.00 and 0.04)

Dielectric parameters f (MHz) LiMn2O4 LiLa0.04Mn1.96O4 LiCe0.04Mn1.96O4 LiPr0.04Mn1.96O4

έ

0.001 3.80 × 106 7.00 × 106 9.70 × 103 2.18 × 107

0.1 830.41 903.53 478.50 1191.17
1 124.00 127.00 62.00 240.00

tan δ

0.001 138.00 150
0.1 2.27 3
1 0.89 1
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ig. 9. Plot of dielectric constant of LiLaxMn2 − xO4 (x = 0.00 − 0.20) samples
s. ln f.

n4+ ions at the octahedral sites cannot follow the alternation
f the applied ac electric field beyond a certain critical fre-
uency. This behaviour may be due to the existence of interfacial
olarization [34], which exists in a non-homogeneous layered
tructure of ceramic material as explained by Koops [35] on
he basis of the Maxwell–Wagner model [36]. According to this

odel, the dielectric structure of a ceramic material is considered
o be made up of two layers. The first layer consists of conducting
rains and the second layer consists of poorly conducting grain
oundaries. At lower frequencies, the grain boundaries are more
ctive than the grains, while at higher frequencies only grains

re active in electrical conduction. The polarization in man-
anates is via a conduction mechanism, i.e., electron-hopping
etween Mn3+ and Mn4+ ions at octahedral sites. This electron-

ig. 10. Plot of dielectric loss of LiLaxMn2 − xO4 (x = 0.00 − 0.20) samples vs.
n f.

t
h
a
s
f
a

A

m

R

.00 9.04 256.00

.19 0.94 4.26

.14 0.56 1.64

opping appears to be favourable at lower applied ac electric
eld frequencies; the dielectric constant has therefore a maxi-
um value at lower frequencies. At high frequencies, however,

he electron-exchange between Mn3+ and Mn4+ ions cannot fol-
ow the alternation of the applied ac electric field, hence έ and
an δ fall to smaller values [37].

High dielectric constant materials are used in capacitors of
ynamic random access memories (DRAM) for personal com-
uters and workstations. The materials reported in the present
tudy might also find potential application in temperature-
ompensating capacitors. The values of the dielectric constant
t 1 kHz, 100 kHz and 1 MHz are listed in Table 3.

. Conclusions

The sol–gel method is found to be suitable for the synthesis of
anosized LiMn2O4 spinel and its derivatives. X-ray diffraction
ata reveal the formation of single-phase spinel compounds and
hat the dopants preserve the cubic crystal structure of LiMn2O4.
urther, the lattice constant and the X-ray density appear to
e affected by the doped metal cations depending upon their
ature. The uniform porous morphology of all the samples is
onfirmed by scanning electron microscopy. Studies of dc elec-
rical resistivity show that a small-polaron hopping mechanism
akes part in the conductivity of the samples investigated. The
emperature-dependent dc electrical resistivity decreases with
ncrease in temperature, and there-by validates the semiconduc-
or nature of the samples. Samples with high resistivity also have
igh energy of activation, and vice versa. The dielectric constant
nd dielectric loss decrease with increasing frequency for all the
amples. Both the dielectric constant and dielectric loss show
requency-dependent behaviour and ratify the effects that grains
nd grain boundaries have on conduction.
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