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Abstract

Ž . Ž . Ž .Layered oxides Li MoO were synthesized at 923 K sample A , 1023 K sample B , and 1073 K sample C and characterized by2 3

X-ray diffractometry, magnetic and electrochemical measurements. All Li MoO showed rhombohedral symmetry with an a-NaFeO -re-2 3 2

lated structure and paramagnetic behavior down to 83 K. Lithium deintercalation from samples B and C proceeded to xs1.2 in
Ž .Li MoO . The LirLi MoO samples B and C cells showed cycling capacities of 150 mAhrg in the voltage range of 1.5–4.3 V after2yx 3 2 3

10 cycles. Samples B and C showed better cycle reversibility than sample A. The different charge and discharge characteristics between
samples A-C might be caused by structural differences which were indicated by X-ray diffraction measurements. q 1999 Elsevier Science
S.A. All rights reserved.
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1. Introduction

Ž .Layered oxides Li MO MsMn, Ti, Ru, Ir, Sn, Mo2 3

have cubic-close packed oxide-ion lattices with basal planes
of octahedral interstices filled alternately by Liq only and

q 4q w xby 1r3Li , 2r3M 1–10 . Of these 4d and 5d transi-
tion metal components, the Ru5qr4q, Ir 5qr4q, and
Mo5qr4q couples permit lithium extraction from the host

w xstructure 1,9–14 . Previously, we studied structural
changes with delithiation and electrochemical behavior in
the Li RuO system. The LirLi RuO cells showed2yx 3 2 3

excellent reversibility in the voltage range of 3.0–4.0 V
w xwith an energy density of 160 mAhrg 13 . The layered

oxides Li Ru Fe O and Li IrO were also synthe-1.8 0.6 0.6 3 2 3

sized and the LirLi Ru Fe O and LirLi IrO cells1.8 0.6 0.6 3 2 3

showed the energy density of 100 and 120 mAhrg, respec-
w xtively, in the voltage range of 2.0–4.3 V 10 .

Fig. 1 shows the relationship between the ionic radii of
4q Ž .M Ms transition metals cations and the lattice sym-

w xmetry of Li MO 15 . Li MoO show rhombohedral2 3 2 3

symmetry and its structure has a cationic ordering that 1r3
Li and 2r3 Mo distribute randomly in the LiMo layers2
w x w x9 . James and Goodenough 9 determined the structure of

) Corresponding author

Li MoO to be an a-NaFeO -related structure using neu-2 3 2

tron Rietveld analysis. The existence of Mo O clusters3 13

was suggested by the He–I photoelectron spectroscopy.
w x w xHibble and Fawcett 16 and Hibble et al. 17 clarified the

presence of Mo O clusters in Li MoO using EXAFS3 13 2 3

and total neutron scattering measurements. While the elec-
trochemical and chemical deintercalation of lithium from

w xLi MoO has been reported 9,11,12 , the relationship2 3

between the crystal structure and charge-discharge cycle
performance has not been understood.

In the present study, we synthesized the Li MoO and2 3

clarified the relationship between the synthesis condition,
crystal structure, and electrochemical properties.

2. Experimental

Li MoO was synthesized from Li MoO under a hy-2 3 2 4

drogen gas flow at 823-1223 K for 24–48 h. The starting
material of Li MoO was prepared by heating the mixture2 4

Žof appropriate molar ratios of Li CO and MoO Li CO :2 3 3 2 3

Wako Chemicals, )99.0% purity; MoO : Koujundo3
.Chemicals, )99.9% purity .

Ž .X-ray diffraction XRD patterns of the powdered sam-
Žples were obtained with an X-ray diffractometer Rigaku

.RotaflexrRad-C with Cu Ka radiation. XRD data for

0378-7753r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
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Ž 4q .Fig. 1. Relationship between ionic radii of transition metals M and
lattice symmetry of Li MO . Rhombohedral and monoclinic lattice2 3

symmetry are represented by ` and v, respectively.

Rietveld analysis were collected for 1–2 s at each 0.028

step width over a 2u range from 15 to 1008. The structural
parameters were refined by Rietveld analysis using the

w xcomputer program RIETAN97-BETA 18 .
Magnetic susceptibility was measured by a Faraday

Ž .balance Shimadzu, MB-3 between 83 and 293 K. Mn
ŽŽ . Ž . .Tutton’s salt NH Mn SO P6H O was used as the4 2 4 2 2

standard substance for magnetic susceptibility. Data were
corrected by subtraction of closed shell diamagnetism.

Electrochemical intercalation and deintercalation were
carried out using lithium cells with a coin-type configura-
tion. The working electrode consisted of a mixture of
45–75 mg samples, 15–20 mg acetylene black, and 0.3 mg
Teflon powder. The mixture was pressed into a tablet of 15
mm diameter under a pressure of 5 kgfrcm2. The counter
electrode was a 15 mm diameter and 1 mm thickness disk
of lithium metal. A microporous polypropylene sheet was
used as the separator. The electrolyte used in these cells
was 1 M solution of LiClO in a 50:50 mixture of ethylene4

Ž . Ž .carbonate EC and 1,2-dimethoxycarbonate DMC
Ž .Toyama Petrochemical, battery grade . The cells were

constructed in an argon filled glove-box. The current den-
sity was calculated based on the cathode area. The electro-
chemical measurements were carried out at room tempera-
ture after standing overnight under zero current flow. Cell
properties were measured galvanostatically using a MacPile

Ž .II Bio-Logic .

3. Results and discussion

3.1. Synthesis

Ž .Fig. 2 shows the X-ray diffraction XRD patterns for
Li MoO synthesized at various conditions under a hydro-2 3

gen gas flow. Sample synthesized at 823 K showed a small
amount of unreacted Li MoO , while the samples synthe-2 4

sized above 1123 K contained Mo metal. Monophasic
Žproperty of Li MoO was synthesized at 923 K sample2 3

. Ž . Ž .A , 973 K sample B , and 1073 K sample C . All the
XRD peaks could be indexed by a hexagonal lattice simi-
lar to that of a-NaFeO . The splitting of the peaks indexed2

as 006 and 101 reflections as shown in Fig. 2, which are
characteristics for layered structure, became clearer with
increasing synthesis temperature. The LirMo ratio of sam-
ples A–C was determined to be 2.00:1.00 by ICP emission
spectrometry. The composition was thus confirmed to be
Li MoO where Mo ions are in 4q valence states.2 3

3.2. Structure

The structure of Li MoO synthesized at 923–1073 K2 3

was refined with space group R3m using a structural
w xmodel reported by James and Goodenough 9 , Mo at 3b

Fig. 2. X-ray diffraction patterns for Li MoO synthesized under a hydrogen gas flow at various conditions. Impurity phases of Mo and Li MoO are2 3 2 4

indicated by v and B, respectively. XRD patterns in the range of 358-2Q-438 are also shown inside figure.
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Ž .Fig. 3. Rietveld refinement results for Li MoO sample B . Observed, calculated, and difference patterns are shown.2 3

Ž . Ž . Ž . Ž . Ž .0,0,0.5 , Li 1 at 3b 0,0,0.5 , Li 2 at 3a 0,0,0 , O at 6c
Ž .0,0, z with z;0.25. At first, we assumed that a small
amount of molybdenum ions existed in the 3a site, but site
occupation parameter of g was led to a negative value for
all samples. Therefore, the site occupation parameters of

Ž . Ž .Mo, Li 1 , and Li 2 were fixed at 0.667, 0.333, and 1.0,
respectively. The overall thermal parameters B for all sites
were constrained to be the same value. No correction was
made for preferred orientation. Fig. 3 shows the typical
Rietveld analysis results of sample B. Table 1 lists final R
factors, lattice and structural parameters, and their esti-
mated standard deviations. From the viewpoint of a-

NaFeO structure, Li MoO could be expressed to be2 2 3
Ž . Ž .Li Mo Li O . Fig. 4 shows the synthesis tem-3a 0.667 0.333 3b 2

perature dependence of lattice parameters. The a axis
parameter decreased and c axis parameter increased with
synthesis temperature. These lattice parameters obtained

Ž .after Rietveld analysis are close to as2.881 2 and cs
˚Ž . w x14.93 1 A reported by Gopalakrishnan and Bhat 11 , but

˚Ž . Ž .are a little different from as2.891 1 and cs14.81 1 A
w x Ž .reported by James and Goodenough 9 and as2.884 1

˚Ž . w xand cs14.834 2 A reported by Kumada et al. 12 . All
the XRD patterns reported as references are similar to that
of sample A with no splitting of 006 and 101 reflections

Table 1

Ž . Ž .a Structural parameters for Li MoO sample A2 3

2˚ ˚ ˚Ž . Ž . Ž .as2.87778 11 A, cs14.9458 9 A, Bs2.03 6 A , R s18.45%, R s5.51%, R s6.89%, R s3.95%wp e I F

Atom Site g x y z

Mo 3b 0.667 0 0 0.5
Ž .Li 1 3b 0.333 0 0 0.5
Ž .Li 2 3a 1 0 0 0

Ž .O 6c 1 0 0 0.2451 3

Ž . Ž .b Structural parameters for Li MoO sample B2 3

2˚ ˚ ˚Ž . Ž . Ž .as2.87564 10 A, cs14.9586 8 A, Bs1.89 6 A , R s18.08%, R s5.56%, R s7.00%, R s3.97%wp e I F

Atom site g x y z

Mo 3b 0.667 0 0 0.5
Ž .Li 1 3b 0.333 0 0 0.5
Ž .Li 2 3a 1 0 0 0

Ž .O 6c 1 0 0 0.2452 3

Ž . Ž .c Structural parameters for Li MoO sample C2 3

2˚ ˚ ˚Ž . Ž . Ž .as2.87451 9 A, cs14.9671 7 A, Bs1.82 6 A , R s18.65%, R s5.55%, R s7.33%, R s4.15%wp e I F

Atom site g x y z

Mo 3b 0.667 0 0 0.5
Ž .Li 1 3b 0.333 0 0 0.5
Ž .Li 2 3a 1 0 0 0

Ž .O 6c 1 0 0 0.2452 3
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Fig. 4. Synthesis temperature dependence of the lattice parameters a and
c for Li MoO . Data have been reported as references are also plotted.2 3

w x11,12 . The clear splitting of 006 and 101 reflections seem
to correspond the ideal layered structure. In this study, we
synthesized Li MoO , which are closer to the ideal lay-2 3

ered structure than other samples reported. From the struc-
tural analysis, we detected the decreases of Mo–Mo bond

˚Ž . Ž .distances from 2.8778 1 to 2.8745 1 A and no change of
˚Ž .Mo–O distances of 2.034 3 A with synthesis temperature.

3.3. Physical properties

The electrical resistivity was measured by d.c. two-probe
Ž .method at room temperature. Li MoO sample B showed2 3

the high resistivity of r)100 kV m. The magnetic field
dependence of the magnetization at 83 and 293 K sug-
gested no existence of a spontaneous magnetization from
ferromagnetic impurity for all samples. Fig. 5 shows the
temperature dependence of inverse magnetic susceptibility,
xy1, at 12.5 kOe in the range of 83–293 K. All samplesm

showed the Curie–Weiss like paramagnetic behavior above
163 K. Therefore, the effective magnetic moments of meff

y1 Ž . Žwere calculated using an equation x s Tyu rC C :m m m
.Curie constant, u : Weiss temperature from the data above

163 K. Magnetic parameters, m and u , are summarizedeff

in Table 2. For all the samples, the m was observedeff

around 0.62 m . The value of 0.62 m was far from thatB B

of 2.83 m expected with two unpaired 4d electrons ofB

Mo4q assuming the spin-only contribution for the mag-
netic moment.

3.4. Electrochemical properties

Figs. 6 and 7 show the charge and discharge curves in
the voltage range of 1.5–4.3 V. When a current density of

2 Ž .0.2 mArcm was used as shown in Fig. 6 b , the extrac-
tion of lithium from sample B proceeded from xs0
Ž . Ž .Li MoO to xs1.2 Li MoO , which corresponded2 3 0.8 3

to a valence change from Mo4q to Mo5qr6q. Sample B
showed the discharge capacity of 200 mAhrg for the 1st
cycle and 150 mAhrg for the 10th cycles, while sample A

showed the discharge capacity of 190 mAhrg for the 1st
cycle and 110 mAhrg for the 10th cycles. For both
samples, significant capacity loss was observed after the
1st cycle and the average discharge voltage was around 2.4
V. In comparison with sample A, sample B synthesized at
higher temperature showed better cycle reversibility. When
a current density of 0.5 mArcm2 was used as shown in
Fig. 7, charge and discharge curves of samples B and C
showed the similar behavior. The discharge capacity of
both samples was about 150 mAhrg for the 1st cycle and
was about 100 mAhrg for the 10th cycles. For sample B,
the discharge capacity for 10 cycles decreased from 170 to
100 mAhrg with increasing current density from 0.2 to
0.5 mArcm2. XRD data for the samples after 10 cycles
showed that Li MoO kept the layered structure with2 3

broader peaks.

3.5. Discussion

Previously we reported physical properties of the lay-
w xered oxide Li RuO 13,14 . Li RuO has monoclinic2 3 2 3

symmetry with Ru4q hexagonal networks in successive
LiRu layers. The effective magnetic moment of Li RuO2 2 3

suggested that one half of 4d spin were delocalized in
Li RuO and this result corresponded to the relative low2 3

resistivity of 0.1 Vm. In Li MoO , the effective magnetic2 3

moments suggested that most parts of the 4d electrons of
Mo4q were delocalized, while Li MoO showed high2 3

resistivity. These physical properties may reflect the char-
acteristics of Mo O clusters with a disordered arrange-3 13

w xments in Li MoO reported by Hibble and Fawcett 162 3
w xand Hibble et al. 17 because paramagnetism and high

resistivity are similar to diamagnetism and semiconduct-
ing, which could be explained on Mo O clusters models3 13

w xby James and Goodenough 9 . There is one possible
explanation that conductivity path is separated by clusters
though the 4d electrons are delocalized inside clusters. A

Fig. 5. Temperature dependence of inverse magnetic susceptibility for
Li MoO measured at the temperature from 83 to 300 K in the magnetic2 3

field of 12.5 kOe.
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Table 2
Magnetic parameters for Li MoO2 3

Samples Effective magnetic Weiss temperature, Regions obeyed the
moment, m rm urK Curie–Weiss lawrKeff B

A 0.62 y289 163–288
B 0.57 y426 163–288
C 0.67 y614 163–288

slightly large overall thermal parameters may indicate that
the atomic positions are a little deviation from those
determined from Rietveld analysis, caused by the forma-
tion of disordered clusters.

From the viewpoint of electrochemical properties, the
different 1st charge curves in the voltage range of 3.0–3.8
V, observed between samples A–C, may reflect that the
real structure is more complex than that represented by an
a-NaFeO -related structure. These charge curves, corre-2

sponding to the different lattice parameters and magnetic
susceptibility, seem to reflect the different diffusion veloc-
ity affected by an arrangement of Mo O clusters. In3 13

addition, the capacity loss after the 1st cycle may be
caused by a decomposition of the layered structure of

Ž .Fig. 6. Charge and discharge curves of the cells, Lirsample A a and
Ž . Ž .Lirsample B b , as a function of x in Li MoO top axis and the2y x 3
Ž . 2energy density bottom axis with a current density of 0.2 mArcm .

Cut-off voltages are between 1.5 and 4.3 V.

Li MoO in the 1st charge run. A small amount of Mo ion2 3

migrated to Li cite during first several charge–discharge
process and stable structure obtained after several cycles
permit reversible charge–discharge process. This explana-
tion seem to be consistent with the result that a small
amount of Mo ion migrated to 3a cite for Li ion in

w xLi MoO using neutron Rietveld analysis 9 . Perhaps it0.9 3

is correct to say that the increase of synthesis temperature
makes the MoO layers to be stable against the migration6

of Mo5qr6q in charge–discharge cycle run and, therefore,
different cycle performances were observed between sam-
ples A and B. There are a variety of lithium molybdenum
oxides with structures suitable for the diffusion of Li ions.
By investigating these compounds and synthesizing new

Ž .Fig. 7. Charge and discharge curves of the cells, Lirsample B a and
Ž . Ž .Lirsample C b , as a function of x in Li MoO top axis and the2y x 3
Ž . 2energy density bottom axis with a current density of 0.5 mArcm .

Cut-off voltages are between 1.5 and 4.3 V.
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solid solutions systematically, there is possibility to
promising cathode materials for lithium secondary batter-
ies.

4. Conclusions

In the present study, the layered oxides Li MoO were2 3

synthesized at various conditions and Li MoO , which is2 3

close to the ideal a-NaFeO -related structure, were ob-2

tained at 1023–1073 K. The LirLi MoO cells showed2 3

cycle reversibility with the cycling capacities of 150
mAhrg in the voltage range of 1.5–4.3 V after 10 cycles.
A little different lattice parameter with synthesis tempera-
ture seem to reflect different charge–discharge character-
istics between samples A–C.
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