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Abstract

The electrochemical lithium-ion extraction/insertion properties of a spinel LiAl0.15Mn1.85O4 material were studied. Cyclic voltammetry

shows two-step reactions for lithium-ion extraction/insertion at its 4 V plateau. Synchrotron in situ X-ray diffraction studies show that lithium

ions are extracted and inserted from the LiAl0.15Mn1.85O4 material, respectively, from two to three different environments. The different

environments may be due to different Li–Li interactions and/or different intensities of interactions with the nearest neighbors in the spinel

LiAl0.15Mn1.85O4 material frame work. From the Mn absorption edge measurements as a function of potential, during lithium extraction, it

can be suggested that the charge transfer rate is faster than that of structural transformations. However, during lithium insertion, the rate of

both charge transfer and structural transformations are more or less similar.
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1. Introduction

LiMn2O4 cathode has been suggested as a commercially

viable alternative to the current nickel and cobalt based

systems due to their easy preparation, low cost, high specific

energy and low toxicity [1–4]. However, LiMn2O4 exhibits

severe capacity fading during electrochemical cycling. This

capacity fading is ascribed to several possible factors: (i) the

decomposition of the electrolyte at higher potentials [5,6],

(ii) a slow dissolution of Mn from active cathode material to

the electrolyte via the disproportionation reaction [7],

2Mn3þ ! Mn2þ þ Mn4þ, (iii) the Jahn–Teller distortion

at the deeply discharged state [8], (iv) site exchange between

Li and Mn [9], and so on. Various modifications in order to

improve the battery performance of the LiMn2O4 spinel

material have been reported [10–15].

Because of the water oxidation problem in aqueous elec-

trolyte, most of the studies on the LiMn2O4 cathode material

for rechargeable batteries were carried out in non-aqueous

electrolytes. Martin and co-worker’s recent work [16] on

nanostructured LiMn2O4, which showed high rate capability,

in aqueous solution stimulated us to investigate the structural

changes of spinel LiMn2O4 in aqueous solution. Among the

modifications of LiMn2O4 spinel material, one approach is

the substitution of Mn by metal ions which may stabilize its

structure. Ceder et al. reported that Al doping is potentially

attractive for electrochemical applications because of the

higher intercalation voltage, higher energy density and lower

cost although it still shows capacity fading to some extent

during the course of cycling [17]. Accordingly, we have

synthesized Al-substituted LiMn2O4 in this work.

It has been reported that the phase transitions would affect

the capacity retention of the cathode materials during the

charging/discharging process. Earlier ex situ X-ray diffraction

studies of LiMn2O4 were performed by Ohzuku et al. [18].

They proposed a two-phase model in which spinel LixMn2O4

undergoes a phase transition to the empty spinel Mn2O4

(l-MnO2). Liu et al. [19] proposed a three-phase model: from

single-phase A (0 < x < 0:2) to a two-phase coexistence

region A þ B ð0:2 < x < 0:4Þ, to a single-phase B (0:45 <
x < 0:55), and finally to a single-phase C (0:55 < x < 1).

This three-phase model is interesting and different from the

two-phase system proposed by Ohzuku et al. [18]. Recently,

Sun et al. [20] demonstrated a three-phase model with two
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two-phase coexistence between cubic phases (A and B) and

(B and C). All the above studies have been carried out on

LixMn2O4 spinel materials in non-aqueous solutions. To our

knowledge, no studies have been reported on the structural

changes of Al-substituted LiMn2O4 that occur during char-

ging and discharging in aqueous solution. In this work, using a

synchrotron based, in situ X-ray diffraction technique, the

structural changes of LiAl0.15Mn1.85O4 material have been

studied during charge and discharge cycling. The results

during first charge and discharge are reported in this work.

2. Experimental

LiAl0.15Mn1.85O4 spinel material was synthesized using

citric acid as a chelating agent, as described in our previous

reports [10,21]. Stoichiometric amounts of lithium acetate

(Li(CH3COO)�4H2O), manganese acetate (Mn(CH3COO)2�
4H2O), and aluminum nitrate (Al(NO3)3�9H2O) were dis-

solved in distilled water into which citric acid was added

dropwise with continuous stirring. The solution pH was

adjusted to 6.0 using ammonium hydroxide and the tem-

perature was maintained at 35 8C. The prepared solution was

then heated in a beaker on a hot plate to 80–90 8C and

maintained for 4 h until a transparent sol was obtained. The

resulting gel precursor was decomposed at 400 8 for 4 h in

oxygen to remove the organic contents. Finally, the pre-

cursor was ground to a fine powder and calcined at 800 8C in

oxygen for 10 h with a heating rate of 2 8C/min.

Cathodes were prepared by mixing the active material,

carbon black, KS6 graphite and polyvinylidene fluoride

binder at a ratio of 80:3.5:1.5:10 (w/w) in N-methyl pyrro-

lidinone. The resulting paste was coated onto an aluminum

current collector. The entire assembly was dried under

vacuum overnight and then heated in an oven at 120 8C
for 2 h. For cyclic voltammetry and X-ray absorption spec-

troscopy measurements, a three-electrode cell with a

LiAl0.15Mn1.85O4 working electrode, platinum foil as the

counter electrode and a saturated calomel electrode (SCE)

reference electrode was employed. Although a SCE refer-

ence was used, all voltages are reported here versus Li/Liþ

(0 V versus SCE corresponding to 3.283 V versus Li/Liþ). A

saturated aqueous solution LiNO3 (9.0 M) was used as the

electrolyte.

Investigation of in situ XRD patterns for the

LiAl0.15Mn1.85O4 material was performed using the syn-

chrotron radiation light source with a wavelength of

l ¼ 1:32633 Å on the beam line BL17A at NSRRC in

Taiwan. A single crystal of Si(1 1 1) was used as a mono-

chromator to adjust the light energy into the hutch. The

photon flux (energy 9 keV, exposure time, 10 min) is con-

cerned more than resolution at the beam line BL17A. The

optics are designed to focus the beam into a 0:1 mm � 3 mm

spot size at the sample position. A flat imaging plane (Fuji,

20 cm � 40 cm) was used as a 2-D area detector, which can

collect all of the in situ XRD patterns. The diffraction pattern

is read out by using a MAC IPR420 off line imaging plate

scanner and the step size was 0.02 for the 2y scan.

3. Results and discussion

The charge and discharge reactions for LiMn2O4 in the

4 V plateau region can be represented by the following

equation:

LiMn2O4 , Li1	xMn2O4 þ xLiþ þ xe	 ð0 
 x 
 1Þ

During charging, the Liþ ions deinserted from LiMn2O4

would come into the electrolyte solution and these ions are

stable in concentrated LiNO3 (9.0 M) electrolyte solution

[22]. Hence, the Liþ ions presented in the solution would

insert into LiMn2O4 electrode material during discharging.

The electrolysis of water occurs on the Pt counter electrode

during charging and discharging.

Fig. 1. Cyclic voltammogram of LiAl0.15Mn1.85O4 in 9.0 M LiNO3 aqueous solution at a scan rate of 0.05 mV s	1.
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Cyclic voltammetry experiments were performed by

scanning over the potential range between 3.5 and 4.6 V

(forward, charge scan and reverse, discharge scan) in 9.0 M

aqueous LiNO3 solution. Fig. 1 shows the cyclic voltammo-

grams for the LiAl0.15Mn1.85O4 electrode at a scan rate of

0.05 mV s	1. Over this potential window, two voltammetric

waves can be observed indicating that the material under-

goes phase changes during the intercalation process [17,21].

It has already been established that the lower potential wave

(centered at 4.22 V) is attributed to the removal of lithium

ions from half of the tetrahedral sites at which Li–Li

interaction occurs. The high potential wave (centered at

4.35 V) is due to the removal of lithium ions from the rest of

the tetrahedral sites at which Li ions do not have Li–Li

interactions [23]. It is interesting to note that the potential

difference (DEp) between these two redox peaks was larger

than the reversible value, 60 mV. In contrast, the DEp value

was smaller than 60 mV in non-aqueous electrolyte [10].

The larger DEp value observed in aqueous solution was

caused by concentration polarization and slow electron

transfer [4].

The structural transformation of LiAl0.15Mn1.85O4 cath-

ode material was studied by in situ XRD measurement using

the synchrotron radiation light source with a wavelength of

l ¼ 1:32633 Å. Fig. 2 displays in situ XRD patterns of

Fig. 2. In situ XRD patterns (2y ¼ 10–608) of LiAl0.15Mn1.85O4 cathode

material during the first charge and discharge scan between the potential

range of 3.5 and 4.6 V.

Fig. 3. In situ patterns (2y ¼ 46–608) of LiAl0.15Mn1.85O4 cathode

material during charge between the potential range of 3.5 and 4.6 V.

Fig. 4. Variation of lattice parameter (a0) of LiAl0.15Mn1.85O4 cathode material during charge as a function potential between 3.5 and 4.6 V.
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LiAl0.15Mn1.85O4 cathode material during the first charge

and discharge scan between the potential range of 3.5 and

4.6 V. The scan numbers marked in Fig. 2 correspond to the

numbers marked on the cyclic voltammetric curve in Fig. 1.

Structural determination of LiAl0.15Mn1.85O4 results in a

single-phase of cubic spinel with a space group Fd3m where

Li(1/8, 1/8, 1/8) occupied the 8a sites, Mn(1/2, 1/2, 1/2) and

Al(1/2, 1/2, 1/2) occupied the 16d sites, and O(X, X, X)

occupied the 32e site. All the diffraction peaks of

LiAl0.15Mn1.85O4 are observed to shift to higher 2y while

the potential scanning is positive to proceed an oxidation

reaction. In contrast, the peaks are back to lower 2y while

the potential scanning is negative to have a reduction

reaction. The expanded spectra of (5 1 1), (4 0 0) and

(5 3 1) peaks during the first charge from 3.5 to 4.6 V are

shown in Fig. 3. We found that the peak broadening process

occurs at 4.393 V versus Li from the variation of (5 3 1)

diffraction peaks. Generally, the broadening of the Bragg

peak could result either from the overlap of two peaks or a

decrease of grain size. The broadening at 4.393 V versus Li

is apparently due to the overlap of the two peaks. The

variations of lattice parameters a0 of LiAl0.15Mn1.85O4

during the charge process are shown in Fig. 4. The lattice

parameter, a0, decreases with increasing oxidation potential

due to extraction of lithium ions from the tetrahedral site of

the spinel framework. During charging, two different slopes

(I) and (II), indicating two different phases, are observed

(Fig. 4) which represent different extraction rate of Li from

the tetrahedral site. The Li extraction rate is faster in slope

(I) than in slope (II). It may be due to the intensity of

interaction on Li with the nearest neighbors of spinel the

LiAl0.15Mn1.85O4 frame work. As seen in Fig. 4, the inten-

sity of the interaction is weaker in slope (I) than in the slope

(II) region. The transition point of the slope change occurs

at the potential of 4.45 V. This point seems to be a two-

phase coexistence region. It is expected that the variation in

Li extraction rate of the Al-substituted spinel would cer-

tainly cause structural changes. Fig. 5 shows the expand

spectra of (5 1 1), (4 0 0) and (5 3 1) peaks during the first

discharge from 4.6 to 3.5 V. The peak broadening process

occurs at 4.242, 4.177 and 4.127 V versus Li. The variations

of lattice parameters, a0, of LiAl0.15Mn1.85O4 during the

discharge process are shown in Fig. 6. Three different types

of slopes (I), (II) and (III) are observed in this figure.

Two transition points of the slope change are observed at

4.15 and 4.32 V, respectively. This observation indicates

three different environments around Li, which may be

either different Li–Li interaction or different intensities

Fig. 5. In situ patterns of LiAl0.15Mn1.85O4 cathode material during

discharge between the potential range of 3.5 and 4.6 V.

Fig. 6. Variation of lattice parameter (a0) of LiAl0.15Mn1.85O4 cathode material during discharge as a function potential between 3.5 and 4.6 V.
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of interaction of Li with the nearest neighbors. Fig. 7 shows

the variation of absorption edge as a function of potential

during lithium-ion extraction/insertion. It is clear from this

figure that the Mn oxidation is almost completed at 4.4 V

and reduction is completed around 3.8 V. However, the

lattice parameter continues to change significantly after

4.4 V also during lithium extraction (Fig. 4). This observa-

tion reveals that the rate of charge transfer is faster than that

of structural transformations during charge. The potential

observed for the completion of Mn reduction (Fig. 7) and

for the completion of structural transformation (Fig. 6) are

almost similar during lithium insertion. This means that

both Mn reduction and structural transformation occur in a

similar rate during discharge.

4. Conclusions

The structural changes of a spinel LiAl0.15Mn1.85O4

material were investigated during charge and discharge in

aqueous solution. From in situ XRD data and the plot of

lattice parameter versus potential, two and three different

slopes are observed, respectively, during lithium extraction

(charging) and lithium insertion (discharging). These obser-

vations indicate that lithium is extracted from the

LiAl0.15Mn1.85O4 material from two different environments

and inserted into the material in three different environ-

ments. The different environments may be due to different

Li–Li interactions and/or different intensities of interaction

with the nearest neighbors in the spinel LiAl0.15Mn1.85O4

material framework. From the Mn absorption edge measure-

ments as a function of potential, during lithium extraction, it

is found that the charge transfer rate is faster than that of

structural transformations. However, during lithium inser-

tion, the rate of both charge transfer and structural trans-

formations are more or less similar.
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