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Abstract

Nanocrystalline LiFexCuyMn1.2O4 (x and y¼0.2, 0.4 and 0.6) particles were prepared by the ultrasonic spray pyrolysis method using nitrate
salts at 800 1C in air atmosphere. Particle properties were characterized by X-ray diffraction, scanning electron microscopy, and energy dispersive
spectroscopy. Also, cyclic voltammetry and galvanostatic tests were performed to investigate the effects of the double substituent and doping
amounts on electrochemical behavior. Results show that the aggregation of nanocrystallites around 90 nm size formed submicron spherical
cathode particles. Transition metal ratios in particles exhibited a perfect fit with desired amounts. Although the change of iron and copper
amounts do not show significant differences in the particle size and shape morphology, they modify the 4 V and 3 V potential plateaus of spinel
LiMn2O4. The discharge capacities of LiFe0.2Cu0.6Mn1.2O4 particles are 39 and 23 mAh g�1 for 4 and 2.6 V potential regions, respectively.
4 V discharge capacity disappeared with increasing of iron and decreasing of copper contents due to random occupation of iron and copper ions
in the spinel lattice.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The use of Li-ion batteries arose because of growing
demand in the light electronic market, and recently uncertainty
of fossil fuels and increasing environmental concerns have
triggered the development of hybrid and electronic vehicles
powered by Li-ion batteries with high energy densities.
Therefore, both scientific and industrial interest in Li-ion
battery studies increased sharply in the last few years.
Investigations to improve cathode materials are important lines
of the research, because cathodes have a significant role in the
properties of batteries [1–7]. Layered LiCoO2, LiNiO2 and
spinel LiMn2O4 materials are commercially used as a Li-host
material that permits insertion and deinsertion of Li+ ions.
However, their drawbacks are obstacles for future uses of
Li-ion batteries [5–9]. Layered LiCoO2 and LiNiO2 have high
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capacity and good cycling performance, but their high cost,
toxicity and safety problems limit their applications. LiNiO2

has less stability and lower cation ordering, resulting in the
nickel ions occupying lithium sites, which impedes Li+ ions
diffusion. Production of perfect layer LiNiO2 structure has
difficulties due to the lower degree of cation ordering [10–13].
The low cost, environmental friendly and excellent voltage
profile features make the spinel LiMn2O4 favorable as a
cathode material. However, LiMn2O4 exhibits unacceptable
capacity fade during cycling performance due to phase
changes, dissolution of manganese and asymmetric lattice
expansion/contraction [13–16]. Despite the disadvantages of
the spinel LiMn2O4, it is safer compared with layered oxides
such as LiCoO2 and LiNiO2 which more easily combust with
the electrolyte [17]. The electrochemical performance of
spinels needs to be improved to use them in electrical vehicles.
Several studies were focused to advance the spinel LiMn2O4

features, and a series of metal (M: Co, Ni, Fe, Zn, Ti, Mg,
Al, La, Ga and Nb) monodoped LiMxMn2�xO4 structures
have been prepared by various processes. This research
showed that appropriate doping of elements increased the
ghts reserved.
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cycling performance of lithium manganese oxide spinels, while
worsening some electrochemical properties such as capacity
[18–30]. Recently, bidoping has become a new trend to create
better cathodes. Ooms et al. [31] reported that LiMgδ-
Ni0.5�δMn1.5O4 cathode particles prepared by a combination
of sol–gel and solid-state processing exhibit improved cycling
performance and rate capacity. He et al. [32] showed that 0.5%
yttrium bulk doping, and 0.5% cobalt surface co-doping to
LiMn2O4 is an effective way to enhance performance. Thir-
unakaran et al. [33] attempted to fabricate cerium and zinc
dual-doping lithium manganese oxide spinel by sol–gel route
using p-amino benzoic acid to raise the features of cathodes.
Bi-cation substituted LiCr0.2V0.2Mn1.6O4 cathode synthesized
via the citric acid assisted modified sol–gel method displayed a
poor reversibility due to the ionic arrangement caused to lattice
instability [34]. The electrochemical investigation of LiNix-
CuyMn2�x�yO4 cathode particles prepared by the sol–gel
method indicates that the capacity of spinel materials decreases
with increasing doped Cu amount. However, copper doped
spinel LiCu0.25Ni0.25Mn1.5O4 exhibits good rate capability due
to the lower Li diffusion barrier and higher electronic
conductivity of copper [35]. Although various studies per-
formed to dual substitution of LiMn2O4, the suitable couple to
improve characteristics of a bi-doped Li–Mn–O spinel system
is still unclear.

Most of the methods in the literature to prepare dual-
substituted lithium manganese oxide particles need expensive
and environmentally unfriendly chemicals, and also include
multi-steps. Furthermore, particle properties such as homo-
geneity, morphology and crystallinity directly depend on the
fabrication method and strongly affect the electrochemical
characteristics [36,37]. Ultrasonic spray pyrolysis (USP) is a
versatile and simple technique to produce various materials in
a wide range of composition, size and morphology. It is an
easily controllable process to obtain particle in desired
features. Particle preparation by the USP method involves
four major steps: generation of the aerosol from corresponding
solution, shrinkage of the droplets and precipitation due to
evaporation of the solvent, decomposition/reduction reaction
of the precursor and formation of primary particles (initially
crystallites) and lastly densification. Thus, the final particles,
generally in micrometer or sub-micrometer size, are the
aggregates of the initial crystallites. The USP method is
suitable for the production of metallic, alloy, oxide and
composite particles in desired size range with homogeneous
composition and dense or hollow morphologies [38–43].

In the past, expensive and toxic elements were partially
substituted with Mn ions in the spinel structure. The present study
Table 1
Precursor concentrations for LiFexCuyMn1.2O4 particles.

x y Concentration of
LiNO3 (M)

Concentration o
Mn(NO3)2 � 4H2

0.2 0.6 0.10 0.12
0.4 0.4 0.10 0.12
0.6 0.2 0.10 0.12
focused on the preparation and understanding of electrochemical
behaviors of bidoped lithium manganese oxide particles using iron
and copper, which are low cost, highly abundant and non-toxic.
This is the first ever attempt made to explore the electrochemical
characteristics of Fe and Cu substituted spinel structure. Spinel
LiFexCuyMn2�xO4 (x and y=0.2, 0.4 and 0.6) particles were
synthesized by the USP method. The particle characterization
studies were performed as well as the electrochemical perfor-
mance tests.

2. Experimental

Spinel LiFexCuyMn2�xO4 (x and y=0.2, 0.4 and 0.6)
particles were produced by the ultrasonic spray pyrolysis
method. The precursor solutions were prepared by dissolving
a stoichiometric amount of LiNO3, Mn(NO3)2 � 4H2O,
Cu(NO3)2 � 3H2O and Fe(NO3)3 � 9H2O (all from Merck™) in
distilled water. Table 1 gives the ion concentrations of the
precursor solution used in experiments. Tartaric acid solution
was added to control the pH of the precursor solution and as an
organic agent. The pH of the corresponding solutions was
adjusted to 1.0. An ultrasonic nebulizer with a resonant
frequency of 1.3 MHz (RBI-Instrumentation) was used to
atomize the precursor solution. The aerosol stream was
introduced into the horizontal quartz reactor at 800 1C by air
flow. The quartz reactor was placed inside the tube furnace
(Nabertherm, R 50/250/12) with a temperature control of
71 1C. The heated length and diameter of the quartz reactor
are 250 and 20 mm, respectively. The flow rate of the air used
as a carrier gas was fixed at 500 ml/min. The particles obtained
by the decomposition of the metal nitrate aerosol droplets were
collected in the washing bottles connected to the outlet of the
quartz reactor.
X-ray diffraction (XRD, Phillips PW 1700) using Cu Kα

radiation was used to examine the crystalline phase and size of
the prepared particles. For data collection we continuously
scanned a detector that covered an angular range from 101 to
901 with a step size of 0.0167 and wavelengths 1.541874 Å.
The chemical compositions of particles were analyzed by an
energy dispersive spectroscopy (EDS) instrument (Oxford/
Inca). Particle size and morphology of the samples were
investigated by field emission scanning electron microscopy
(FE-SEM, JEOL JSM 700F).
Electrochemical analyses were performed using cycling vol-

tammetry and charge–discharge tests on 2016 type coin cells. The
cells were composed of a lithium metal negative electrode
isolated from the positive electrode by a glass microfiber
separator. 1 M LiPF6 in ethylene carbonate:dimethyl carbonate
f
O (M)

Concentration of
Fe(NO3)3 � 9H2O (M)

Concentration of
Cu(NO3)2 � 3H2O (M)

0.02 0.06
0.04 0.04
0.06 0.02
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(EC:DMC, Merck™) was used as an electrolyte. The positive
electrodes contained 70% LiFexCuyMn2�xO4, 20% carbon black,
and 10% polyvinylidene difluoride (PVDF) binder. These
materials, which included 20 mg active cathode material were
dispersed in 1-methyl-2pyrrolidione (NMP) and acetone, and
then the resultant slurry was spread onto an aluminum foil using
the doctor blade technique. The coated aluminum foil was dried
in vacuum dryer at 80 1C for 12 h and then pressed to achieve a
good adherence between the coated material and the aluminum
foil. The coin cells were assembled inside a glove box filled with
high purity argon gas. The cells were cycled galvanostatically
between 2.2 and 4.8 V on battery tester (Solartron 1287
Potentiostat/Galvanostat) at 0.5 C charge–discharge rate. Cyclic
voltammetry (CV) was performed between 2.2 and 4.8 V at
scanning rate of 0.2 mV s�1 at room temperature.

3. Results and discussion

Fig. 1 shows XRD patterns of LiFe0.2Cu0.6Mn1.2O4, LiFe0.6-
Cu0.2Mn1.2O4 and LiFe0.4Cu0.4Mn1.2O4 particles produced by
the USP method at 800 1C. All of the peaks in the XRD patterns
correspond to the cubic spinel structure of LiMn2O4 with Fd-3m
space group. The crystallographic data of the particles such as
the crystallite size, lattice parameter and peak intensity ratios are
shown in Table 2. The crystallite size of LiFexCuyMn1.6O4

particles were determined by the Scherrer equation using (111),
(311) and (400) diffraction lines in the XRD patterns. Instru-
mental broadening was taken into account to obtain accurate
Fig. 1. XRD patterns of the samples (a) LiFe0.2Cu0.6Mn1.2O

Table 2
Crystallite sizes, lattice parameters and integrated peak intensity ratios as

x y Crsytallite size
(nm)

Lattic
(Å)

0.2 0.6 86 8.247
0.4 0.4 95 8.269
0.6 0.2 84 8.303
LiMn2O4

a 8.251

aLiMn2O4, JCPDS Card no: 01-089-0106.
crystallite size in the calculation. The crystallite sizes of particles
were almost the same and determined as 86, 95 and 84 nm by
increasing iron and decreasing copper content. The changing of
the doping elements (Fe and Cu) amount does not have a
dominant effect on the crystallite size. Lattice parameters of the
samples were obtained by the least squares method, and showed
an elongation with the increasing of Fe and decreasing of Cu
amounts. We expected shrinkage of the lattice with decreasing
Cu due to its bigger ionic radius compared to Mn3+ and Fe3+

(Cu2+¼87 pm, Fe3+¼63 pm and Mn3+¼72 pm). However,
occupation of the dopant cations into the 8a tetrahedral (Li+

positions) or 16c octahedral sites in the structure instead of 16d
octahedral sites may cause this surprising increase in the lattice
parameter.
The integrated intensity ratios of the (400)/(311) and (220)/

(311) peaks are indices of the extent of occupancy of the
substituent ions. The change in the intensity ratio of (220)/
(311) was opposite to that of (400)/(311); for instance the
intensity ratio of (220)/(311) rises while that of (400)/(311)
reduces when dopant ions at the 8a sites increased or those at
the 16d sites decreased [44]. We used spinel LiMn2O4 (JCPDS
Card no: 01-089-0106) XRD data, which is best fitted with the
samples, to compare the intensity changes (Table 2). All the
samples exhibit higher values for (220)/(311) peaks and lower
values for (400)/(311) peaks than the reference. The results are
consistent with Fe and Cu mono-doped Li–Mn–O spinels.
In our previous works on LiFexMn2�xO4 [45] and LiCux
Mn2�xO4 [46] cathode particles, cationic distribution in the
4, (b) LiFe0.6Cu0.2Mn1.2O4 and (c) LiFe0.4Cu0.4Mn1.2O4.

a function of the substituent amount in LiFexCuyMn1.2O4 particles.

e parameter I(220)/I(311) I(400)/I(311)

0.203 0.359
0.146 0.461
0.166 0.441
0.013 1.107
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spinel was changed by substitution of Fe or Cu, and increasing
substitution amounts caused new phase formations. It is known
that iron cations in spinel lithium iron oxide structure occupy
both 8a tetrahedral and 16d octahedral sites where lithium ions
occupy 16d octahedral sites [47]. Ohzuku et al. [44] reported
Fig. 2. EDS analysis of the samples (a) LiFe0.2Cu0.6Mn1.2O
that iron ions distributed at 8a tetrahedral and 16d octahedral
sites in LiFeyMn2�yO4 spinel for the situation y40.57.
According to Arai et al. [48], lithium copper oxide structures
(Li2CuO2, Li3Cu2O4, and LiCuO2) have one dimensional
CuO4 chains, where copper is the center of oxygen rectangle.
4, (b) LiFe0.6Cu0.2Mn1.2O4 and (c) LiFe0.4Cu0.4Mn1.2O4.
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Moreover, the positioning of copper ions in the LiMn2O4

spinel structure is extremely complex leading to deficient
incorporation of Cu in the structure due to the stability and
low reactivity of copper oxide [49,50]. Evidently a high con-
centration of iron and copper in the spinel Li–Mn–O structure
leads to a random occupation of doping ions in both tetrahedral
and octahedral sites causing the lithium displacement and
probably movement of Li+ ions into the octahedral sites.
Fig. 3. SEM images of the samples (a) LiFe0.2Cu0.6Mn1.2O4, X5K, (b) LiFe0.2Cu
X5K, (e) LiFe0.6Cu0.2Mn1.2O4, X10K, (f) LiFe0.6Cu0.2Mn1.2O4, X50K, (g) LiFe
Mn1.2O4, X50K.

Table 3
Chemical contents of LiFexCuyMn1.2O4 cathode particles.

x y Experimental Mn:Fe:Cu Theoretical Mn:Fe:Cu

0.2 0.6 6.34:1:2.48 6:1:3
0.4 0.4 3.12:1.01:1 3:1:1
0.6 0.2 2:1:0.36 2:1:0.33
The stoichiometries of the synthesized cathode materials
were investigated using EDS analysis (Fig. 2a–c), wherein the
percentages of the individual elements have been confirmed,
with an exception of Li. It is not possible to detect lithium by
EDS due to the detection limit between B and U. Elemental
content of the particles obtained by EDS are given in Table 3.
EDS analysis showed that Mn:Fe:Cu ratio in the samples were
close to desired value. However, LiFe0.2Cu0.6Mn1.2O4 particles
have slightly lower Cu content than the desired value because
of the lower stability and solid solubility of Cu at high amounts
in spinel framework. Results indicates that particle composi-
tion is controllable in USP process by changing the ratio of the
precursor salt concentrations, and also the USP process is a
suitable method to produce homogeneous particles with
complex compositions.
SEM images of the samples are shown in Fig. 3. The change

of iron and copper dopings had almost no effect on the particle
0.6Mn1.2O4, X10K, (c) LiFe0.2Cu0.6Mn1.2O4, X50K, (d) LiFe0.6Cu0.2Mn1.2O4,

0.4Cu0.4Mn1.2O4, X5K (h), LiFe0.4Cu0.4Mn1.2O4, X10K, and (i) LiFe0.4Cu0.4
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size and shape morphology. All the particles have a spherical
morphology with a particle size range between 80 nm and
1 mm and an average particle size about approximately 600–
700 nm. In the USP process, particle formation begins with
nucleation of the primary (nano-sized) particles, and then
secondary submicron particles are obtained by aggregation of
them. On magnified SEM images (Fig. 3c, f and i), primary
particles on the secondary particle surfaces still can be
observed and their sizes are compatible with the calculated
crystallite sizes of the samples by the Scherrer equation. The
reason for the existence of very fine particles is the instability
Fig. 4. Cyclic voltammograms of (a) LiFe0.2Cu0.6Mn1.2O4, (b) LiFe0.6-
Cu0.2Mn1.2O4 and (c) LiFe0.4Cu0.4Mn1.2O4.
of the droplets due to the reaction conditions such as collision
of the droplets leading to break up of the primary particle
clusters. Apparently, primary particles aggregated with just a
few others and caused broader particle size distribution.
Fig. 4 exhibits the cycling voltammograms of the coin cells

containing nanocrystalline LiFexCuyMn2�xO4 (x and y¼0.2,
0.4 and 0.6) spinel cathode particles versus lithium. All
measurements were performed at room temperature in the
voltage range of 2.2–4.8 V and at a scan rate 0.2 mV s�1.
It is known that the 4 V potential plateau exists due to Mn3+

/Mn4+ redox reactions taking place with two steps, while the
extraction of Li+ ions occurs by movement of 8a tetrahedral to
16 c octahedral sites. Excess Li+ positioning in 16 c octahedral
sites in LixMn2O4 (1oxo2) causes the 3 V potential plateau
[26,28,51,52]. Moreover, a potential above 4.5 V can appear
due to redox reactions of iron cations (Fe3+/Fe4+) that occupy
16d octahedral sites in the spinel Li–Fe–Mn–O structure
[44,53]. On the other hand, Fe2+/Fe3+ redox reaction for
tetrahedral LiFeO2 in the voltage range below 3.5 V [54]. The
calculated voltage of the Cu2+/Cu3+ redox couple is 4.44 V [35]
and copper substituted spinels indicate high voltage output [55].
Results for LiFe0.2Cu0.6Mn1.2O4 particles show that the two
oxidation peaks during charging at 3.15 V and 4.21 V corre-
spond to two step Li+ de-intercalation from the cathode. The
two reduction peaks during discharging at 2.61 V and 3.93 V
correspond to Li+ intercalation into the cathode. The distinct
separation of the peaks (ΔEp¼0.27 for 3 V range and
ΔEp¼0.14 for 4 V range) and their symmetrical nature during
both oxidation and reduction revealed the reversible/quasi-
reversible characteristic of Li+ in the LiFe0.2Cu0.6Mn1.2O4

cathodes. The nanocrystalline LiFe0.6Cu0.2Mn1.2O4 cathode
displays two oxidation peaks at 3.13 V and 4.11 V values, but
one reduction peak at 2.63 V. Likewise, two small anodic peaks
at 3.13 V and 4.18 V, and one weak cathodic peak at 2.68 V are
observed from CV result of LiFe0.4Cu0.4Mn1.2O4 cathode
particles.
Discharge curves of the nanocrystalline spinel particles are

presented in Fig. 5. Samples were charged to 4.8 V followed by
discharging to 2.2 V at 0.5 C rate. Discharge capacity curves are
compatible with the CV curves. LiFe0.2Cu0.6Mn1.2O4 particles
displayed 39 mAh g�1 discharge capacity at 4 V region (4.8–
3.0 V) and 23 mAh g�1 capacity at 2.6 V region (3.0–2.2 V). The
Fig. 5. First cycle discharge curves of samples. Cycling conditions: 2.2–4.8 V
@ 0.5 C rate.
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cumulative capacity is 62 mAh g�1 at 4.8–2.2 V potential region.
4 V capacity clearly belongs to Mn3+/Mn4+ redox couple. The
discharge potential of LiFe0.6Cu0.2Mn1.2O4 sample decreased
rapidly below 4 V and showed a potential plateau around 2.6 V
with 64 mAh g�1 discharge capacity. In this sample, high amount
of iron and low amount of copper contents caused shifting of the
discharge potential to lower voltage values by the effect of Fe2+

/Fe3+ couple. The discharge capacity curve of LiFe0.4Cu0.4Mn1.2O4

particles showed nearly same behavior above 3 V with LiFe0.6
Cu0.2Mn1.2O4 particles, but reduced more sharply with the cell
potential below 3 V. Bakenov et al. [56] stated that LiMn2O4

cathode particles produced by the USP method at 800 1C have
nearly 120 mAh g�1 discharge capacity at 4 V range. Park et al.
[57] produced nanocrystalline LiMn2O4 particles by the USP
method and their discharge capacities were 80 and 125 mAh g�1

on the 4 V and 3 V potential ranges, respectively. According to
these results, nanocrystalline LiFexCuyMn1.2O4 cathode particles
exhibited reduced discharge capacity comparing to spinel LiMn2O4

particles. Similar results observed in monodoped LiMxMn2�xO4

(M¼Fe and Cu) studies [45,46,50,55,58].
In spite of testing samples between 4.8 V and 2.2 V

potential range, the inception of a high voltage plateau
corresponding to Fe3+/Fe4+ did not appear. However Fe2+

/Fe3+ redox couple occurs between 3.5 and 2.0 V potential
range [54], and also voltage profile between 3.6 and 2.0 V
corresponds to Cu1+/Cu2+ redox couple [59]. Thus, potential
profiles of LiFexCuyMn1.2O4 cathodes originate Fe2+/Fe3 and
Cu1+/Cu2+ redox couples, as well as Mn3+/Mn4+ redox
couple. Electrochemical test results showed that high amount
dual substitution of iron and copper caused the disappearance
of capacity at the 4 V region, and reduced the capacity at the
3 V region of spinel LiMn2O4 to 2.6 V. Possible reasons for
the change of the electrochemical properties of dual substituted
cathodes are not only reducing concentration of active Mn3+

cations in the structure, but also cationic rearrangement due to
the complex distribution of iron and copper cations. Accord-
ingly, we consider that copper ions are instable in cubic
LiFexCuyMn2�xO4 structure. They could replace the neighbor-
ing vacant 16c octahedral and 8a tetrahedral sites during the
electrochemical reaction and limited the Li+ insertion/extrac-
tion, which diffuse in the 8a-16c-8a path through the spinel
structure. Hence we suggest that iron ions are irreversibly
located in the 8a tetrahedral sites during charging in LiFex
CuyMn1.2O4 cathode particles. Rearrangement of doping
cations changed oxidation states of Mn and also prevent the
Li+ insertion in 8a tetrahedral positions, resulting in the
disappearance of 4 V discharge region, observed in LiFe0.6-
Cu0.2Mn1.2O4 and LiFe0.4Cu0.4Mn1.2O4 particles.

4. Conclusion

Spinel LiFe0.2Cu0.6Mn1.2O4, LiFe0.6Cu0.2Mn1.2O4 and LiFe0.4-
Cu0.4Mn1.2O4 particles have been successfully prepared by the
ultrasonic spray pyrolysis method. Spherical shape submicron
size particles were formed by aggregation of the nanoparticles.
Compatible transition metals content in the particles with the
desired chemical composition in the experiments shows that the
USP method enabled the production of complex oxide particles
composed of nanocrystallites. Ratios of iron and copper sub-
stitutions affected the electrochemical characteristic of cathode
particles. The existence of high amount of iron in the spinel
structure with a small amount of copper directly eliminated the
4 V capacity and low potential capacity has been dominate. Also,
10% iron and 30% copper atomic substitutions reduced both 2.6
and 4 V discharge capacities of pure spinel LiMn2O4 due to
complex cation ordering as well as reducing concentration of
electrochemically active Mn3+ ions.
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