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Pristine and Al-doped lithium manganese oxide (LiAIxMn,.xO4) spinel cathode materials
were successfully synthesized by combustion method using urea as reducer and fuel. The
structural and electrochemical properties of the as-synthesized powders were characterized using
scanning electron microscopy, x-ray diffraction, energy dispersive spectroscopy and
charge/discharge testing. The effect of aluminium doping on the discharge capacity was studied
for different aluminium concentration x= 0, 0.05, 0.1 and 0.5. The as-synthesized Al doped
samples LiAlposMn19504and LiAly1Mn; 90,4 exhibited higher discharge capacity for the first two
cycles compared to the first cycle discharge capacity of pristine LiMn,O4. The first-principles
calculations predict an increase in lattice parameter for x=0.05 and 0.1 to be responsible for the
increase in first cycle discharge capacity for x=0.05 and 0.1. In addition, we have found that

LiAlosMny 504 sample exhibited the more stable capacity than the other samples.
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1. Introduction

In recent years, lithium-ion batteries have become the most promising energy sources to power
the forthcoming plug-in hybrid electric vehicles or electric vehicles[1]. Lithium-ion battery (LIB)
is one of the most popular types of rechargeable battery for portable electronics and power tool
equipments, with the best energy densities, no memory effect, and a slow loss of charge when
not in use[2-4]. LiMn,QO, spinel is a promising material for the positive (cathode) electrode in
rechargeable lithium ion batteries because of its several advantages such as low cost, high
abundance, low toxicity, simplicity of preparation and high safety compared with other layered
oxides such as LiCoO, and LiNiO; [3,5]. However, the major problem with spinel LiMn,O,
cathode material is its rapid capacity fading upon repeated charge/discharge cycling [6,7]. Some
of the causes for the capacity fade of spinel reported so far are two-phase unstable reaction [8],
dissolution of spinel into the electrolyte and decomposition of the electrolyte in the 4 V region
[9] and Jahn-Teller distortion[10] in the 3V region. One of strategies has been pursued to cope
with this problem is substitution of small amount of trivalent Mn ions (Mn**) by dopant ions
[6,10,11]. The dopant ions are assumed to occupy the octahedral 16d sites of Mn-ions in the
spinel lattice and stabilize the spinel structure from lattice distortion [12].

Homogeneous dispersion of the Mn®" substituting element in crystal lattice is crucial in
the synthesis of doped LiMn,O, cathode materials. Hence, solution synthesis techniques are
preferable in order to get the required homogeneously doped composition. Up to now, several
solution synthesis methods have been used to synthesize LiMn,O, spinel structured cathode
material for rechargeable lithium ion batteries, such as sol-gel method [13], Pechini process [14],

hydrothermal, and emulsion-drying method [15]. However, in this work we report the synthesis



of Al-doped LiMn,O, using a solution-combustion method that allows for rapid synthesis of
highly substituted oxides in a one-step process.

The conventional unit cell of cubic spinel LiMn,O,4 (space group: Fd-3m #227) has 56
atoms comprised of 8 lithium (Li) atoms occupying 8a tetrahedral sites (0.125, 0.125, 0.125) and
16 manganese (Mn) atoms occupying 16d octahedral sites (0.5, 0.5, 0.5) while 32 oxygen atoms
are at 32e sites (0.26, 0.26, 0.26) forming a cage as displayed in Fig.1(a). To speed up our
calculations, we used the primitive cell consisting of 14 atoms, i.e. Li,Mn4Og shown in Fig. 1(b).
Due to the dynamical Jahn-Teller distortions at Mn** ions [16] which poses a challenge for the ab
initio electronic structure calculations for mixed-valent manganese oxides, very limited first-
principles investigations of LiMyMn,.4O, (M= Li, Mg, Al, Co, Ni, etc.) involving small dopant
concentrations have been reported [17]. Most spin-polarized generalized gradient approximation
(GGA)-based calculations, as emphasized by Mishra and Ceder [18], have been carried out only
for the end compounds such as LiMn,0O4 and LiCrMnQy,, and to certain extent LixMn,O4 system
[19]. In transition metal substituted spinels LiMyMn,.,O4 (M = transition metal), substitution is a
direct replacement of the Mn atoms at their 16d positions. In the current ab initio calculations,
we considered substitution of Mn with aluminium (M = Al) at 16d positions for x=0, 0.05, 0.1
and 0.5 compositions. The approach for the Al introduction on the Mn positions follows a solid
solution mechanism described in detail elsewhere [20], based on virtual crystal approximation.

In this paper, we have synthesized LiMn,0,4 and aluminium-doped spinel LiAlyMn,4O4
(for x = 0, 0.05, 0.1 and 0.5) cathode materials by solution-combustion techniques using metal
nitrates and urea through exothermic and self-sustaining chemical reaction. In addition, we
report the correlation between first cycle discharge capacity and lattice parameter of Al-doped

spinel LiMn,0O4 using experimental data analyses validated by ab initio calculations. The lithium



intercalation energy and electrochemical voltage of the pristine and aluminium-doped LiMn,04

cathode materials are calculated using CASTEP total energy code [21].

2. Methodology
2.1 Experimental

Li(NO3), Mn(NOs3),-4H,0, AI(NO3)3-9H,0 and CH4N,O with 99.9% purity were used as
starting materials to synthesize LiAlyMn,.O4 cathode materials for Li ion battery. The procedure
used to prepare LiAIkMn,.xO,4 had the following stages. The precursor metal nitrates Li(NO3),
Mn(NO3),-4H,0, AI(NO3)3-9H,0 and urea CO(NH,), were dissolved into deionised water and
stirred at ambient temperature for about 30 min to obtain a homogeneously mixed solution. After
that, the precursor solution was treated in a furnace at 500°C and black powder was obtained. To
investigate the effect of Al ion on the structural and electrochemical properties of LiMn,O4
cathode materials, pristine LiMn,O,4 and doped samples with Al ion concentration of 0.05, 0.1
and 0.5 were prepared under atmospheric pressure and then annealed at 700°C in air for 10 h.
The voluminous and foamy combustion ash was milled to obtain the final LiAlMn,.,O4 cathode
materials. The annealed samples were subjected to different morphological SEM, elemental

EDS, structural XRD, and electrochemical (charge/discharge cycling) characterization.

The electrodes for electrochemical studies were prepared by making a slurry from a
mixture containing active material powder, conducting black and poly(vinylidene fluoride)
binder in N-methyl-2-pyrrolidone in the proportion 80:10:10, respectively. Coin cells of 2032
configuration were assembled using lithium metal as anode, Celgard 2400 as separator, 1M
solution of LiPFg in 50:50 (v/v) mixture of ethylene carbonate (EC) and diethylene carbonate
(DEC) as the electrolyte. The slurry was coated over aluminium foil and dried at 120°C for 10 h.

18 mm diameter slurry-coated aluminium foils electrodes were punched out and used as cathode.



Coin cells were assembled in an argon filled glove box (MBraun, Germany) with moisture and
oxygen levels maintained at less than 1 ppm. The cells were cycled at 0.1C rate with respect to
corresponding theoretical capacities of LiAlMn,.,O,4 spinel and at 30°C between 2.4 and 4.8 V

in an MTI a multi-channel battery tester

2.2 Ab initio calculations

First-principles calculations were carried out using CASTEP module within the
Materials Studio 5.0 software package [21], which employs the plane-wave basis set to treat
valence electrons and pseudo-potentials to approximate the potential field of ion cores (including
nuclei and tightly bond core electrons). The CASTEP module is a first principles quantum
mechanical programme based on the density functional theory formalism [22]. Spin-polarized
PWO91 functional of GGA [23] was employed to describe the electronic exchange-correlation
interactions. Maximum plane wave cut-off energy of 500eV using Vanderbilt-type ultrasoft
pseudopotentials (US) [24] and 6x6x6 Monkhorst-Pack [25] k-point mesh were used. Since it is
now possible to use a quantum-mechanical electronic structure calculations to derive, completely
from “first-principles”, the voltage of a battery based on intercalation reaction energetic[26], a
large amount of quantitative computational work on lithium manganese oxides (primarily
LiMn,O,4) have been carried out by various groups, seeking to identify suitable cathode materials
for lithium batteries with guidance from first-principles calculations [27]. For cubic spinel

LiMn,0y4, the reaction energy of Li intercalation between two Li compositions x; and xy, is given

by:

AE(Xl,Xz): Etot(Liszn204) - Etot(Lilen204) — (X2 - X]_)Etot(Li, BCC) (1)



where Eyy is the total energy of a system of electrons in the Coulomb potential due to the nuclei.
AE is the energy gained upon deintercalation of Li from LiMn,Q,, relative to metallic BCC Li
metal. This intercalation reaction energy is simply related to the (zero temperature and pressure)
open-circuit average battery voltage of a LiMn,O4/Li cell between the intercalation compositions

X1 and X, as shown in Eq. 2. The average open-circuit battery voltage:
V= - AG/AxF (2)

where Ax refers to the number of Li transferred (charge transported) and F is the Faraday

constant (9.6487x10* C/mol). We can make a further approximation given that
AG=AE + PAV — TAS (3)

where 4E, the change in internal energy, will be of the order of 0.1 — 4.0 (eV/Li atom), PAV is
of the order of 10 (eV/Li atom), and 74S is of the order of the thermal energy (kgT) which is
also much smaller than AE at ambient temperature. Therefore the average battery voltage can be

predicted by the expression
V= - AE/AxF 4)

3. Results and discussion

Fig. 2(a)-(d) shows SEM images of the as-synthesized samples LiAlxMn,.xO4 for x = 0,
05, 0.1 and 0.5, respectively. The particles look highly crystalline and their morphology changes
with doping Al content.

Energy dispersive X-Ray Spectroscopy (EDS) elemental analysis was carried out to have

an understanding of the successful aluminium doping. Though EDS cannot identify Li ions



because of its small atomic size, it helped to see the Al content in the doped samples. Fig.3
displays the EDS elemental spectra of selected samples.

A typical X-ray diffraction pattern of each sample as a function of aluminium
concentration is indicated in Fig. 4. The examination of the diffraction patterns confirm that all
recognizable reflection peaks including (111), (311), (222), (400), (331), (511) and (440) can be
clearly indexed to the single phase of the spinel cubic structure of LiMn,O, (JCPDS File No. 88-
1749) with space group Fd-3m, without any impurity peaks. The doped AI** mostly occupies
octahedral Mn site (16d) [19] and enhances the cycleability by stabilizing the spinel structure.
However there is an optimal amount of Al-ion doping that should maximize the structural
stability of LiMn204.

The calculated theoretical capacity of LiAlyMn,4O,4 is found to be 296 mAh/g, 284
mAh/g, 271 mAh/g, and 161 mAh/g ( assuming 1 C = 296 mA g, in the voltage range of 2.4 to
4.8 V vs. Li) for x=0, x=0.05, 0.1 and x=0.5, respectively. To evaluate the electrochemical
performance of the materials the charge/discharge capacity testing of the as-synthesized cathode
materials was carried out at 0.1C rates with respect to their corresponding theoretical capacities.

The representative first cycle discharge capacities of LiAl,Mn,.4O4 (for x =0, 0.05, 0.1
and 0.5) are presented in Fig. 5 by the curves A, B, C and D, respectively. During the first cycle
pristine LiMn,O, delivers discharge capacity of 136 mAh/g, LiAlosMny.¢504 provides 159
mANh/g, LiAly1Mny 90,4 about 146 mAh/g and LiAlysMn; 504 gives 95 mAh/g which are
comparable to their theoretical values. All the cathode samples prepared using solution-
combustion method are well performing materials and delivered good first cycle discharge
capacity. It was noticed that the first cycle discharge capacity for the Al-doped samples of

LiAlkMn,.,O,4 for x = 0.05, 0.1 exhibited higher discharge capacity for the first two cycles than



that of the first discharge capacity of pristine LiMn,O4 sample as indicated in Fig 5 and Fig 6(a).
To examine the possible cause(s) for the higher first cycle discharge capacity, we carried out the
ab initio calculations on compositions corresponding to those of the experimental samples. As
shown in Fig 6(b), the calculated lattice parameters of LiAlyosMn1.9504 and LiAlp1Mny 904
respectively are 8.29A and 8.36A which have greater lattice parameter compared to pristine
LiMn,0,4 (8.28 A). The larger the lattice parameter, the easier the Li ions can move more freely
[28,29] thereby increasing the first cycle discharge capacity. This finding indicates that the
discharge capacity value is not only entirely correlated to molecular weight of ion doped
LiMn,O, but also the effect of lattice parameter has to be taken into consideration. The lattice
parameter of LiAlosMn; 504 is 8.07 A which is smaller than the lattice parameter of the pristine
LiMn,0O4. Correspondingly, its first cycle discharge capacity is smaller than the first cycle
discharge capacity of pristine but the cycleability is improved significantly. Corresponding to
predicted lattice parameters in Fig. 6(b), the calculated open-cell voltage and intercalation energy
for Li ion into the spinel cathode matrix are presented in Fig. 7 (a) and (b), respectively. The
established trends indicate that introduction of Al ions results to increase in cell voltage and the
more favorable energy for intercalation. As shown in figure 7, an increase in Al-dopant
corresponds to more negative intercalation energy which implies easy Li ion movement. On the
other hand, this increase in Al yields higher average open-circuit voltage of up to approximately

4.8 when x =0.5.

Fig. 8 shows plots of the discharge capacity versus cycle number for aluminium-doped
compositions (LiAIkMn,x04) and pristine LiMn,0,4 samples for the first 50cycles. Though the
first cycle discharge capacity for small Al doped compounds higher than pristine LiMn,QO,, the

cycleability of these samples synthesized in this route is not improved. The poor cycleability of



small Al content doped samples (x=0.05 and x=0.1) is presumably AI** ions substituted Mn*
ions instead of Mn** ions that will worsen the cycleability of spinel LiMn,O, cathode materials.
On the other hand, doping with Al content of x=0.5 significantly enhanced the cycleability
about 1.5times the cycleability of the pristine LiMn,O,, obviously at this time many Mn** have
been replaced by AI** ions. Apparently, deduced from current results, AI** ions seem to replace
Mn** ions for small Al doping concentrations resulting to increase in Mn** concentration due to
compatible ionic radii size of 0.535 and 0.530 A for AI** and Mn*" ions, respectively, hence
increased lattice parameter. However, upon introducing higher amount of Al, the expected
substitution of Mn®* (0.645A) ions by AI** ions leading to reduced ionic size mismatch between
occurs Mn** and Mn**, hence improved cycleability as a consequence of less local stresses that
Li ions have to overcome. In spite of the above mechanism, the overall lattice parameter is

reduced to less than that of pristine LiMn,O,, hence the lower specific capacity.

4. Conclusion

We have successfully synthesized LiAIKMn,O, (x=0, 0.05, 0.1 and 0.5) cathode
materials for Li ion battery using metal nitrates and urea as precursors by solution combustion
method. The samples were characterized by SEM, EDS, XRD, and battery testing and the
experimental results are supported by ab initio computational results. The discharge capacity for
the first two cycles of LiAlposMn19504 and LiAlp1Mny90,4 samples is higher than that of first
discharge capacity of LiMn,O,; the ab initio calculation shows that the lattice parameter of these
compositions is greater than the lattice parameter of pristine LiMn,O,. Therefore, the ab initio
calculation suggests that the origin for high first discharge capacities may be attributed to an
increase in lattice parameter. In addition, we have found that the sample LiAlosMn;504

exhibited the more stable capacity than the other samples. Similarly, the ab initio calculations



show that as Al content increases towards x=0.5 in the spinel cathode LiAlkMn,.4O4 the

composition gets more favorable energy for Li ion intercalation and increase in cell voltage.
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Figure Captions

Fig. 1 (a) The conventional unit cell, and (b) a primitive cell of the cubic spinel structure (space

group: Fd-3m) showing the different atomic positions.

Fig. 2. SEM images of LiAlMn,.,O,4 cathode materials for (a) x=0, (b) x=0.05, (c) x=0.1 and (d)
x=0.5
Fig. 3. Energy dispersive spectroscopy (EDS) of LiAlMn,.,O,4 cathode materials for (a) x=0, (b)

x=0.05 and (c) x=0.1.

Fig. 4. X-ray diffraction pattern of LiMn,0O, cathode materials with Al-doping concentration of

(@) x=0, (b) x=0.05 and (c) x=0.1 and (d) x=0.5.

Fig. 5. First cycle discharge capacity curves of LiAl,Mn,.,O, cathode materials A, B, C and D

for x=0, 0.05, 0.1 and 0.5, respectively.

Fig. 6. (a) First cycle discharge capacity of LiAlMn,.«O4, and (b) the predicted lattice parameter

of the composition LiAlkMn,.O,4 (x=0, 0.05, 0.1, 0.5).

Fig. 7. The calculated (a) open cell voltage and (b) intercalation energy of Li ion of the

composition LiAlLMn,.O4 (x=0, 0.05, 0.1, 0.5).

Fig. 8. The discharge capacity cycling performance of LiAl,Mn,.,O4 samples for the first

50cycles.
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Figure 5
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