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ABSTRACT

In this study, lithium manganese oxide spinel (LiMn
1.9

Fe
0.1

Nb
0.0005

O
4
) as a cathode material of lithium ion secondary batteries is

synthesized with spray drying, and in order to increase its crystallinity and electrochemical properties, the granulated

LiMn
1.9

Fe
0.1

Nb
0.0005

O
4
 particle surface is coated with lithium titanium oxide spinel (Li

4
Ti

5
O

12
) through a sol-gel method. The gran-

ulated particles present a higher tap density and lower specific surface area. The crystallinity and discharge capacity of the

Li
4
Ti

5
O

12
 coated material is relatively higher than uncoated material. With the coating layer, the discharge capacity and cycling

stability are increased and the capacity fading is suppressed successfully.
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Abbreviations

LMO: LiMn2O4

LMFNO: LiMn1.9Fe0.1Nb0.0005O4

LTO: Li4Ti5O12

1. Introduction

apacity and cycling performance of lithium secondary

batteries rely heavily on their cathode material. To

maximize the cell capacity, the cathode material should

allow insertion/extraction of a large amount of lithium dur-

ing charge and discharge tests, while it should also have

good structural stability without breaking any bonds and

without reacting with the electrolyte to provide good cycle

life for the cell.1)

With high cell capacity and excellent cycling performance,

LiCoO2 is the most widely used cathode material in com-

mercial lithium ion batteries. However, LiCoO2 is a hazard-

ous and explosive material that can only be operated below

4.3 volt, and cobalt is an expensive and relatively rare tran-

sition metal.2) Therefore, much research has been done to

find other cathode materials that can be operated at 4.3 volt

and above to replace LiCoO2.
3) Different from other cathode

materials, LMO is inexpensive, has relatively light weight,

and is capable of being operated at high voltage with a high

initial battery capacity, but due to its low cycling perfor-

mance and rapidly decreasing capacity, it is not yet appro-

priate for commercial usage except in some limited

applications. There are many sources that lead to capacity

fading. Being the most essential capacity fading factor,

Jahn-Teller distortion is a phenomenon that occurs on the

surface of the particles under a condition of non-equilibrium

cycling with the formation of tetragonal structure

(Li2[Mn2]O4) from failing to maintain its original cubic

structure (Li[Mn2]O4). The cubic to tetragonal transition is

accomplished by a 16% increase in the c/a ratio and 6.5%

increase in the unit cell volume. Excluding Jahn-Teller dis-

tortion, formation of two cubic phases in the 4 V region, loss

of crystallinity, and cation mixing between lithium ions and

manganese ions, etc., have been suggested to be the source

of capacity fading.1) 

In order to suppress structural micro strain on the volume

and cation mixing, cationic substitutions of Mn ions with

other transition metals4-7) and LMO surface modification

have been done. Conductivity can be increased by substitut-

ing Mn ions with M3+ while energy density can be improved

by coating LMO with oxides that have the same or similar

structure with LMO. Sung-Chul Park et al. reported that

coating LMO with LiCoO2 increased the rate capability and

energy density.2) Cell properties were also improved by coat-

ing LMO with Al2O3.
8) Besides that, Dong-Qiang Liu et al.

reported that coating sol-gel synthesized LMO with LTO

increased LMO capacity retention successfully.9)

However, particles synthesized with the sol-gel method

generally exist in extreme agglomeration, which could pre-

vent the particles from being completely coated. In this

study, LMFNO was granulated by spray drying for the fol-

lowing purposes: decrease the direct contact surface area of

Mn with electrolytes; increase crsytallinity, tap density,

conductivity, and capacity retention; avoid agglomeration;

and ensure that the particles are coated uniformly. At the

same time, to encourage crystal growth with better crystal-
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linity, the as-granulated LMFNO was pre-heated with a

long dwelling time until it reached a size of 10 µm or more

before being coated with LTO sol. LTO was chosen to be the

coating layer because it has the same spinel structure as

LMO, and compared to LMO, it is a relatively stable mate-

rial and has a high diffusion coefficient.9) The crystallinity

and coating conditions were examined through X-ray dif-

fraction and scanning electron microscopy, while the bat-

tery properties of the half cell were evaluated with a charge

and discharge tester and impedance measurement.

2. Experimental

The raw materials, Li2CO3, MnO2, Fe2O3, and Nb2O5, were

mixed into a slurry. Then the slurry was spray dried to pro-

duce granulated particles with a size of around 10 µm. This

granulated material was pre-heated at 750oC for 24 h, fol-

lowed by sintering at 850oC for 6 h to synthesize the

LMFNO.

The LTO sol was produced using tetrabutyltitanate and

lithium acetate. After the mixture of both solutions was dis-

solved into ethanol, acetic acid was added to finally produce

transparent LTO sol.

The coating process was done by slowly adding LMFNO

powders into the LTO sol while stirring. Then the coated

powders were heat treated at 800oC for 1 h.

The half cell manufacturing was as follows. First, LTO-

coated LMFNO powders were made into slurry by mixing

70 wt% of LMFNO with 25 wt% of carbon (Super-P) and

5 wt% of PTFE. Then the slurry was used to produce a cath-

ode in sheet form, while lithium foil was used as an anode

and 1M LiPF6 that dissolved in EC:EMC=1:2 of volume

ratio was used as an electrolyte. The half cell was assem-

bled in a glove box that was filled with Argon gas. Finally,

the charge and discharge test was operated at a 0.1 C rate

with a current of 1mA in 3-4.3 V range.

3. Results and Discussions

3.1. Crystal phase according to LTO coating

The tap density and specific surface area of the granu-

lated LMFNO were 1.04 gml-1 and 0.32 m2g-1. This indi-

cates that large spherical granulated LMFNO had excellent

packing properties and a large shared particle surface

among the primary grains that led to a high tap density and

low specific surface area. The direct contact area of the

LMFNO and electrolyte was also minimized successfully.

Fig. 1 shows the X-ray diffraction patterns of granulated

LMO, LMFNO, 2 mol% and 5 mol% LTO coated LMFNO.

All LMO, LMFNO and coated LMFNO showed a LMO sin-

gle phase without any secondary phases or impurities. The

thin LTO coating layer did not change the LMFNO struc-

ture. The coated LMFNO showed sharper XRD peaks than

uncoated LMFNO because LTO has the same spinel struc-

ture as LMO, which merges together with LMO spinel crys-

tal to result in higher intensity peaks. 

A change of the XRD peak of  after coating

the LMFNO with LTO was observed and is shown in Fig. 2.

Particular shifting of the XRD peak at  towards the

LTO peak direction increased with an increasing LTO coat-

ing layer concentration on the LMFNO surface. This phe-

nomenon confirms that LTO was successfully coated on the

LMFNO surface.

Fig. 3 shows the surface morphology changes of LMFNO

after being coated with LTO. The granulated secondary par-

ticle size of uncoated LMFNO was around 14 µm, which

agglomerated from hundreds of primary particles with a

2θ 42
o

45
o

∼≈
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o

≈

Fig. 1. XRD patterns of (a) LMO without substitution, (b)
uncoated LMFNO, (c) 2 mol% LTO coated LMFNO
and (d) 5 mol% LTO coated LMFNO.

Fig. 2. XRD peak shifting at  according to coating
layer concentration. (a) LTO sol, (b) uncoated
LMFNO, (c) 2 mol% LTO coated LMFNO, and (d)
5 mol% LTO coated LMFNO.

2θ 44
o

≈



November 2010 Crystallinity and Battery Properties of Lithium Manganese Oxide Spinel ...... 635

size of 0.5-3 µm. As Fig. 3(d) shows, crystallized LTO coat-

ing gel after heat treatment at 800oC presented primary

particles with a size of around 0.5-1 µm. Therefore, after

being coated and heat treated at 800oC, as shown in Figs.

3(b) and 3(c), the primary particles were observed to be 1-

2 µm larger than uncoated LMFNO primary particles

according to the LTO coating layer concentration. Figs. 3(b)

and 3(c) verify LTO particles with a size of 0.5-1.0 µm

adhering to the LMFNO surface, which indicated that by

coating LTO sol on the the LMFNO surface, average parti-

cle size of the LMFNO is increased. On the other hand, by

using XRD peaks shown in Figs. 1(b), 1(c) and 1(d), the

average size of the crystal phase was calculated by applying

its full-width half-maximum value into Scherrer’s equation.

The calculated average particle size of the uncoated

LMFNO was 14.29 µm, 2 mol% LTO coated LMFNO was

14.44 µm and 5 mol% LTO coated LMFNO was 14.61 µm.

These XRD analysis results strongly agreed with SEM

observation, which strongly reconfirmed that the surface

modified LMFNO particle size is increased with an increase

of LTO coating layer concentration.

FE-SEM and EDS analysis confirmed that the LTO sol

was successfully coated on the LMFNO surface, and the

results are shown in Fig. 4. The FE-SEM observation of the

granulated particle morphology was the same as those

observed with SEM. There was Ti composition detected

through the small primary particles on the LMFNO surface,

which confirmed that LTO sol coating on the LMFNO sur-

face was achieved. 

3.2. Battery properties according to LTO coating

The charge and discharge property of as-synthesized

LMFNO before and after coating is shown in Fig. 5. With

1 mA current at a voltage range of 3.0~4.3 V, all before and

after coating, LMFNO presented two distinct plateaus at

4 V because coating with LTO does not change or influence

LMFNO basic properties, such as its crystal structure,

charge and discharge properties. The initial discharge capac-

ity of uncoated, 2 mol% LTO coated and 5 mol% LTO coated

LMFNO were 107 mAhg-1, 121 mAhg-1 and 114 mAhg-1

respectively. Both surface modified LMFNO samples had a

higher discharge capacity and the 2 mol% LTO coated

LMFNO had the highest initial discharge capacity. This

contributes to the LTO semiconducting potential,10) which

improved the conductivity of LMFNO with the LTO coating

layer on its surface.

Fig. 6 shows the impedance analysis in EIS results of the

uncoated and LTO coated LMFNO. Both uncoated and

Fig. 3. SEM images of (a) uncoated LMFNO, (b) 2 mol% LTO
coated LMFNO, (c) 5 mol% LTO coated LMFNO, and
(d) crystallized LTO coating gel.

Fig. 4. FE-SEM image of 5 mol% LTO coated LMFNO joined with EDS compositions analysis (1~4).
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2 mol% LTO coated LMFNO had only a first semicircle,

while 5 mol% LTO coated LMFNO had both first and sec-

ond semicircles. Both the first semicircles of coated LMFNO

were smaller than uncoated LMFNO, and with an increas-

ing coating layer concentration, the reduction of the semicir-

cle increased. According to Fan and Fedkiw, the first

semicircle originated from the interfacial impedance of lith-

ium anode and by passivation film, which is a solid electro-

lyte interphase (SEI), caused by the reaction between the

oxides and electrolyte, while the second semicircle might

the contact resistance between inter-particles.2)

Fig. 6 reveals that there was no inter-particle contact

resistance in either the as-synthesized uncoated or 2 mol%

LTO coated LMFNO, but the 5 mol% LTO coated LMFNO,

even though it had the lowest impedance, there was inter-

particle contact resistance. Therefore, our results clearly

confirm that with an increasing LTO coating layer concen-

tration, the inter-particle contact resistance increases, and

5 mol% LTO coated LMFNO has comparatively lower dis-

charge capacity than 2 mol% LTO coated LMFNO.

The charge and discharge test results and cycle capacity

retention with 1 mA in a 3~4.3 V range of unmodified and

modified LMFNO are presented in Fig. 7. The discharge

capacity of the unmodified LMFNO decreased with an

increasing cycle number and decreased to 97 mAhg-1 at the

47th cycle with a capacity loss of 0.299% per cycle. 2 mol%

LTO coated LMFNO, which had the highest discharge

capacity, managed to sustain an excellent capacity of

106.72 mAhg-1 after 47 cycles with a capacity loss of 0.244%

per cycle. LMFNO coated with 5 mol% LTO had the lowest

capacity loss of 0.239% per cycle with a capacity of

101mAhg-1 at the 47th cycle. In contrast to the study of

Dong-Qiang Liu et al.,9) 2 mol% LTO coated LMFNO had

the highest discharge capacity, but the capacity retention

increased with an increasing LTO coating layer concentra-

tion. Thus, LTO coated LMFNO showed comparatively

excellent discharge capacity and capacity retention because

the LTO coating layer played the SEI role of controlling ion

movement by only allowing Li ion diffusion, which was able

to suppress elution of Mn ions into the electrolyte.

Fig. 8 shows XRD patterns of the cathode before and after

the charge and discharge test. Overall, after the charge and

discharge test, the crystal phase intensity decreased with-

Fig. 5. Charge and discharge property of (a) uncoated
LMFNO, (b) 2 mol% LTO coated LMFNO, and (c)
5 mol% LTO coated LMFNO.

Fig. 6. Impedance analysis of (a) uncoated LMFNO, (b)
2 mol% LTO coated LMFNO, and (c) 5 mol% LTO
coated LMFNO.

Fig. 7. 47th cycle specific discharge capacity of (a) uncoated
LMFNO, (b) 2 mol% LTO coated LMFNO, and (c)
5 mol% LTO coated LMFNO.
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out any secondary phase. By observing the samples in

detail, the crystal phase peaks shifted towards the right

after the charge and discharge test. Uncoated, 2 mol% LTO

coated and 5 mol% LTO coated LMFNO shifted around

0.40o, 0.29o and 0.22o on average, respectively. This result

confirms that structural change is reduced by coating LTO

on LMFNO. Peak shifting of 5 mol% LTO coated LMFNO

was the lowest, and this result was in strong agreement

with the capacity retention results.

4. Conclusion

The results of our investigation of cathode materials

coated with LTO are as follows.

(1) The granulated particles had high tap density and low

specific surface area.

(2) The crystallinity of the surface modified material was

comparatively higher than the unmodified material.

(3) The discharge capacity and cycling stability increased

and the capacity fading was successfully suppressed with a

coating layer on the surface.
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