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h i g h l i g h t s

< New crystal phase of calcium ferrite-type Lix(M0.1Mn0.9)2O4 (M ¼ Ni, Ti) are synthesized.
< The crystal structures are revealed by X-ray powder diffraction data.
< The electrochemical properties show high energy densities and good cycle performances.
< Transition metals substitute the Mn sites selectively.
< Different substitution sites show different electrochemical properties.
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a b s t r a c t

Transition metal substituted CaFe2O4-type Lix(M0.1Mn0.9)2O4 (M ¼ Ni, Ti) was synthesized by Na/Li ion
exchange method from high-pressure synthesized CaFe2O4-type Na(M0.1Mn0.9)2O4 (M ¼ Ni, Ti). The
crystal structures were refined by Rietveld analysis using powder X-ray diffraction data. The electro-
chemical properties were measured. The initial discharge capacities of Lix(Ni0.1Mn0.9)2O4 and Lix(-
Ti0.1Mn0.9)2O4 were 119.3 and 122.0 mAh g�1 in the range of 4.8e3.0 V (vs Li/Liþ). The capacities of
substitutions were 5.29% and 7.68% increased than the value of Li0.81Mn2O4. After 50 chargeedischarge
cycles, the discharge capacities of Li0.81Mn2O4 and Lix(Ni0.1Mn0.9)2O4 were 5.78% and 11.1% decreased
from the initial. The Ni substitution was effective for increasing the discharge voltage, although the effect
was decreased with increasing cycle numbers.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Lithiummanganese oxides having the layered rocksalt-type and
spinel-type structures are very attractive as positive electrode
materials in rechargeable lithium batteries, because of their eco-
nomical and environmental advantages [1]. Among them, spinel-
type LiMn2O4 and its derivatives are the most promising candi-
date, since this compound can be reversibly deintercalated and
intercalated by lithium ions at high potential. An electrochemical
cell with spinel-type lithium manganese oxides has an achievable

electrode capacity of 100e120 mAh g�1 at an average voltage of 4 V
vs Li/Liþ. However, the capacity cannot exceed the Li-ion inter-
calation limit of the spinel crystal structure (theoretical capacity:
148 mAh g�1).

In mineralogy, the spinal-type to CaFe2O4-type transformation
is observed in MgAl2O4 under high pressure [2]. Recently, the
spinel-to-CaFe2O4-type structure transformation was found in
LiMn2O4 [3]. The CaFe2O4-type Li0.92Mn2O4 was synthesized by
spinel-type LiMn2O4 annealed at 1100 �C in 6 GPa. The phase
transition of spinel-type LiMn2O4 was occurred in above 450 �C and
1 GPa [4]. Although the magnetic properties of the CaFe2O4-type
Li0.92Mn2O4 have been precisely investigated, the electrochemical
lithium intercalation and deintercalation properties have not been
revealed. Our group has studied the electrochemical properties of
CaFe2O4-type Li0.81Mn2O4. This sample was obtained by Na/Li ion
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exchange from the high-pressure synthesized CaFe2O4-type
NaMn2O4 [5]. The material shows a discharge capacity shows
113.3 mAh g�1 in the range of 4.8e3.0 V (vs Li/Liþ).

Transition metal substitution in spinel-type LiMn2O4 is one of
the ways to improve the electrochemical properties. For instance,
spinel-type LiMn2�xNixO4(0 < x < 0.5) increases the discharge
voltage [6], and spinel-type LiMn1.5Ni0.4Cr0.1O4 showed a discharge
capacity of 131 mAh g�1 (vsLi/Liþ) in the range of 5.0e3.0 V [7].

CaFe2O4-type LiMn2O4 is thought to be useful in order to
improve the electrochemical properties by transition metal sub-
stitutions. Previously, we have synthesized the high-pressure phase
of LixTi2O4 [8]. The sample has intergrowth structure between
CaFe2O4-type and Ramsdellite-type Ti2O4 layers, alternatively. The
CaFe2O4-type LixTi2O4 has not been synthesized, yet. Although, the
cycle performance is better than the Ramsdellite-type TiO2.

In this work, we have synthesized the CaFe2O4-type
Lix(M0.1Mn0.9)2O4 (M ¼ Ni, Ti) and analyzed the crystal structures.
Furthermore, we measured the electrochemical properties and
discussed the effect of transition metal substitution in the CaFe2O4-
type LiMn2O4.

2. Experimental procedure

Transition metal substituted CaFe2O4-type Lix(M0.1Mn0.9)2O4
(M ¼ Ni, Ti) was synthesized by the same way like CaFe2O4-type
LiMn2O4. Details of the procedure were described in elsewhere [5].

Transition metal substituted CaFe2O4-type Lix(M0.1Mn0.9)2O4

(M ¼ Ni, Ti) was synthesized by Na/Li ion exchange from high-
pressure synthesized CaFe2O4-type Na(M0.1Mn0.9)2O4. The pow-
dered reagents of Na2O2, MnO2 and NiO or TiO2weremixed into the
target ratio. The mixture was put into a cubic-anvil type high-
pressure apparatus and heated at 1273 K for 1 h under a pressure
of 4.5 GPa. Na/Li ion exchange was carried out by soaking the
molten LiNO3 at 633 K for 12 h.

The phase purity and crystal structure were characterized by
powder X-ray diffraction (XRD) (Rigaku RINT). The XRD intensity
data for the Rietveld analysis were collected for 4 s at each 0.02�

step over a 2-theta range from 10 to 80� under Cu Ka radiationwith
40 kV, 200 mA. The program of RIETAN-FP [9] was used for the
Rietveld analysis.

Electrochemical lithium intercalation/deintercalation experi-
ments were performed using lithium coin-type cells. The working
electrode was prepared by mixing 45% active material, 45% acety-
lene black and 10% polytetrafluorothylene (PTFE) powder in weight
by pressing the mixture onto an Al mesh having a diameter of
15 mm under a pressure of 20 MPa. The electrochemical test cells
were constructed in an aluminum coin type configuration. The
counter electrode was a Li foil having a diameter of 15 mm. The
separator was piled up a micro glass fiver filter and a micro porous
polypropylene sheet having diameters of 15 mm each. A solution of
1 M LiPF6 in a 50:50 mixture of ethylene carbonate (EC) and
diethylcarbonate (DEC) by volume (Kishida Chemical Co. Ltd.) was
used as the electrolyte. Cells were constructed in an argon-filled
glove box, and electrochemical measurements were carried out
with a current density of 10 mA g�1 at 25 �C.

3. Results and discussion

Black colored powdered samples were obtained. About 0.5 g
amount of sample was synthesized by one batch.

The reaction products of Lix(Ni0.1Mn0.9)2O4, Lix(Ti0.1Mn0.9)2O4
and Li0.81Mn2O4 were examined by powder X-ray diffraction (XRD).
Fig. 1 shows the XRD patterns of the products. All peaks are
assigned to the single phases having CaFe2O4-type structure. The
products were synthesized by Na/Li ion exchange from

Na(M0.1Mn0.9)2O4 (M ¼ Ni, Ti). The results shows the Na/Li ion
exchanges are completed in the all sample.

The crystal structures were analyzed by Rietveld method using
XRD data. Fig. 2 shows the observed, calculated and difference
patterns of the Lix(Ni0.1Mn0.9)2O4 and Lix(Ti0.1Mn0.9)2O4. In the
analysis, the population of Li was assumed to be 1. The structure
parameters are summarized in Table 1a and b. The lattice param-
eters of Lix(Ni0.1Mn0.9)2O4 are a ¼ 8.619(2), b ¼ 2.28117(7),
c ¼ 10.294(5) �A and Lix(Ti0.1Mn0.9)2O4 are a ¼ 8.657(2),
b ¼ 2.819(14), c ¼ 10.482(4) �A. The lattice parameters Li0.81Mn2O4
are a ¼ 8.7321(13), b ¼ 2.84983(6), c ¼ 10.5700(2)�A [5]. The lattice
parameters of the substituted samples are smaller than the values
of Li0.81Mn2O4.

Fig. 1. XRD patterns of CaFe2O4-type Li0.81Mn2O4, Lix(Ni0.1Mn0.9)2O4 and
Lix(Ti0.1Mn0.9)2O4.
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Fig. 2. Observed (plus marks), calculated (solid line) and difference (gray line) patterns
for the Rietveld analysis from the powder X-ray diffraction data of (a) Lix(-
Ni0.1Mn0.9)2O4 and (b) Lix(Ti0.1Mn0.9)2O4.
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