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Abstract

Ž . Ž .An attempt has been made to synthesize boron-substituted cubic spinel through solid state SS and solution route SR
techniques. The synthesized spinels have been examined for their physical and electrochemical characteristics through ex

Ž .situ-X-ray diffractometry XRD and SEM, as well as by charge–discharge cycling and diffusion coefficient measurements.
Ž .X-ray diffraction reveals boron elimination from boron-substituted spinel SR-B spinel resulting in phase splitting to lithium

borate glass formation and parent cubic spinel when subjected to heating at and above 6008C. Synthesis through SR with
precursor material calcined at 5008C only provides high discharge capacity with good cyclability. The measurement of
diffusion coefficient of lithium supports that boron got substituted at 16d site in Fd3m spinel structure. This paper discusses
the mechanism underlying the stability of boron-substituted spinel and the suitability of LiB Mn O as a promising1r9 17r9 4

positive electrode candidate for lithium ion battery.q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The demand for portable electronic devices neces-
sitates lithium ion batteries with compatible electro-
chemical output in addition to cost advantage and
environmental acceptability. Despite the mixed phase

w xLiNi Co O 1,2 standing as a serious competitor1yy y 2
w xin place of LiCoO 3,4 , much attention has been2

w xfocused recently on LiMn O 5–10 spinel, as it is a2 4

low cost and less toxic material, except for its draw-
back due to its capacity fade with cycling. LiMn O2 4
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belongs to space groupFd3m, in which lithium ion
occupy tetrahedral 8a site and manganese ion oc-
cupy octahedral 16d site. The capacity fade in

Ž .Li Mn O 0-x-1 spinel is described as due tox 2 4
` w xthe weaker Mn O bond in octahedron 11 . Recent

researches reveal that reinforcement of the spinel
structure by substituting a part of Mn3q, with Co,
Cr, Ni, Al, Cr–Al or Al–Co, prevents capacity fade

w xand results in higher cyclability 12–15 . It has been
Ž .reported that LiM Mn O MsCr, Co and Ni1r6 11r6 4

is the best composition, exhibiting better cyclability
Ž .among various composition LiM Mn O inves-y 2yy 4

w xtigated 12 . It is also observed that a 10% substitu-
tion of other metal in 16d site in place of Mn is as
effective in producing stability to the structure, and it
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is found that Co-substituted spinel provides high
cyclability due to its minimum volume expansion

w xduring the charge–discharge process 12,13 .
Despite many transition and non-transition ele-

ments having been explored as partial substituents, in
place of manganese in the cubic spinel, there is no
report as far now on boron-substituted spinel com-
pound with pure phase having energy capacity and
cycle life behavior comparable to well known substi-
tuted spinels. Here, we have attempted to synthesize
this boron-substituted spinel through high tempera-

Ž . w xture solid state SS synthesis procedure 12 , as well
Ž .by low temperature solution route SR synthesis

w x16,17 .
In this paper, we describe the preparative proce-

dure for the synthesis of polycrystalline boron-sub-
stituted manganese spinel with pure phase through
solution route method, with the aid of polyvinyl
alcohol as the gelling agent. Investigation has been
made on its thermal stability, diffusion coefficient,
substitution site of boron in the spinel, chargerdis-
charge behavior, cyclability, and its suitability to
lithium ion battery. This paper also describes the
attempt to prepare boron-substituted spinel by solid
state synthesis procedure, the cause for its failure to
produce proper substitution in the spinel, and a
comparison of the performance with the former.

2. Experimental

2.1. Synthesis procedure

The procedure for the high temperature synthesis
of boron-substituted spinels is same as that described

w xfor the synthesis 12 of substituted spinel using the
stoichiometric quantities of materials such as Li -2

ŽCO , MnCO and B O all 99.9%, Soekawa Chem-3 3 2 3
.icals .

The reagents used for the boron-substituted spinel
Žthrough solution route were polyvinyl alcohol PVA,

. Ž . Ž .ns1500 Wako , lithium nitrate LiNO and man-3
Ž Ž . .ganese acetate tetrahydrate Mn CH COOP4H O3 2 2

Ž . Ž . ŽSoekawa Chemicals and boric acid H BO Tri-3 3
.ple Benzene Trade Mark, Japan . For the preparation

of boron-substituted spinels with composition LiB -y
Ž .Mn O ys1r3, 1r6, 1r9, 1r12 , stoichiomet-2yy 4

Ž .ric amounts of Mn CH COO P4H O and H BO ,3 2 2 3 3

weighing 3 g in total, were dissolved in 50 ml of
distilled water and added to 200 ml of 0.5% PVA
solution, prepared by dissolving 1 g of PVA in 200
ml of distilled water and then heating to 608C under
constant stirring. The mixed solution was then heated
to about 708C to evaporate the water content under
constant stirring condition, so as to get a final de-
sired viscous solution. The viscous solution was then
transferred into an alumina crucible, heated to 3008C
in a furnace for about 3 h. The flabby mass obtained
was then ground to produce a precursor power. This
precursor powder was then heated to 5008C in an air
oven using an alumina boat for about 8 h to get the
final product. A portion of a precursor powder of
LiB Mn O was heated to 6008C to obtain the1r6 11r6 4

electrochemical characteristics of higher temperature
treated material. Following the same procedure,
LiMn O was prepared by using the same materials,2 4

but with lithium acetate, LiOCOCH , in place of3
Žlithium nitrate, LiNO , in a higher percentage 6 g of3

.PVA in 200 ml distilled water of PVA solution, and
the precursor was heated to 6008C to obtain the final
product. The boron-substituted spinel obtained
through solid state method and solution route are
designated as SS-B spinel and SR-B spinel, respec-
tively, for simplicity. Unless otherwise mentioned,
the material described in this paper relates only to
boron-substituted spinel prepared through solution
route with precursor material treated at 5008C for
8 h.

2.2. Cell construction

The synthesized materials were used for the
preparation of composite positive electrode materi-
als. The procedures for the fabrication of lithium
rechargeable cells are almost the same as those

w xdescribed previously 11,13 . The composite positive
electrode materials were prepared by mixing any one
of the synthesized compounds in agate mortar with

Ž .acetylene black, and polytetrafluoroethylene PTFE
powder in the weight ratio of 75:20:5, respectively.
This mixture was pressed into a film with 100-mm
thickness. Films weighing 2–3 mg were cut in the

Žform of small discs 5-mm diameter and 2–3-mg
.weight and used as the positive electrode. Positive

electrode limiting cells were assembled using a
spring-loaded stainless steel arrangement, by placing
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positive electrode and lithium foil negative electrode
Ž .5-mm diameter separated by a microporous poly-
ethylene separator. The electrolyte used was 1 M
LiClO dissolved in ethylene carbonate and diethyl4

Ž .carbonate ECrDEC s 1:1 procured from
Tomiyama Pure Chemical. The charge and discharge
cut-off voltages were set at 4.4 and 3.5 V, and
cycling was performed galvanostatically at a current
density of 0.2 mA cmy2.

Cell construction used for the measurement of
diffusion coefficient of lithium was the same proce-
dure as described above for the charge–discharge
study.

2.3. Ex situ XRD and SEM analysis

The diffraction data on phase identification and
lattice parameter were collected at 40 kVr80 mA
and 50 kVr100 mA, respectively, over 2u range
from 58 to 1208 by powder X-ray diffractometry
Ž .XRD using CuKa radiation with a graphite mono-
chromator through RINT-2500 V, Rigaku. The sur-
face morphology was obtained through SEM micro-
graphs using JSM-5310 LV, JEOL. The sample for
measuring the lattice parameter was prepared by
mixing four parts of the sample with one part of
silicon, and the lattice parameter was calculated us-
ing silicon with a diamond structure as an internal
reference.

2.4. Current pulse relaxation technique

The current pulse relaxation technique was em-
ployed to obtain the apparent chemical diffusion

w xcoefficient 14,15,18 of the synthesized compounds
Ž .and the open circuit voltages OCV of the cells

measured with respect to lithium negative electrode.
The cells were first galvanostatically charged to drive
out 0.5 Li from the positive electrode of the cells at
0.1 mA cmy2, so that the final composition of the
positive electrode are Li B Mn O and Li -0.5 y 2yy 4 0.5

Mn O for the SR-B spinel and SS-parent spinel,2 4

respectively. Then, the following sequence was re-
Ž . Ž .peated: 1 given rest time of 6 h at xs0.5, 2

Ž .monitored the steady OCV, 3 applied pulse charge
Ž . y2 Ž .voltage lithiation at 0.5 mA cm for 10 s, 4

monitored the relaxation potential withty1r2, during
Ž .this period the voltage rises with time, 5 discharged

the cell by intercalating 0.03125 parts of lithium at
0.1 mA cmy2. Through this sequence, we obtained
16 values of tand values, which are equal to
DErD ty1r2. The chemical diffusion coefficient of
lithium ion was calculated from the decay rate of the
transient voltage using the following equation,

21 V dErd x itŽ .M
D̃s , 1Ž .y1r2p nFA DErD t

where,V is the molar volume; dErd x is the slopeM

of the equilibrium potential–composition curve;F is
Faraday’s constant;t is the pulse duration and
DErD ty1r2 is the slope of the straight line obtained
from the plot of the relaxation potential vs.ty1r2

after the current pulse is stopped. The quasi open-cir-
Ž .cuit voltage OCV was also obtained for every

interval period of rest time. All the cell construction
and electrochemical measurements were carried out
in an Ar-filled glove box at room temperature.

3. Results and discussion

3.1. XRD and SEM analysis

3.1.1. Solid state prepared SR-B spinel
ŽXRD pattern of the cubic spinel LiB -1r6

.Mn O , which was intended to be prepared at11r6 4
w x7508C followed by slow cooling 12 , and the XRD

pattern of the same material quenched after heating
Ž .at 7508C are shown in Fig. 1, represented by a and

Ž .b , respectively. The materials so prepared were
gray colored and hard abrasive type materials, and
differ in physical properties from other substituted

Ž .spinels, LiM Mn O MsCo, Ni, and Al pre-y 2yy 4
Ž .pared by solid state technique. The XRD pattern a

corresponds to cubic spinel structure, whereas dia-
Ž .gram b shows that the cubic structure underwent

distortion to tetragonal structure.
w xFrom the thermochemical data 19 , we under-

stood that one of the substance, B O , used in this2 3

preparation has a low melting point of 5808C. There-
fore, it can be expected that melting of B O could2 3

occur before the spinel formation temperature. At
spinel formation temperature, this melted B O2 3

would possibly react with lithium compound to form
lithium borate glass, LiBO . Therefore, the formed2
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Fig. 1. The XRD pattern of substance obtained after heating the stoichiometric ingredients for the preparation of LiB Mn O by solid1r6 11r6 4
Ž . Ž .state reaction at 7508C: a on slow cooling; b on quenching.

product may, presumably, be a combination of spinel
Ž . w xand lithium borate glass LiMn OqLiBO 19,20 .2 4 2

Presence of this glass material could provide hard-
ness to the substance, and also create a reducing
atmosphere, which may be responsible for the distor-
tion of this compound to tetragonal configuration
upon quenching.

3.1.2. Solution route prepared SR-B spinels
ŽXRD patterns of the SR-B spinels precursor

.powder heated to 5008C for 8 h are presented in Fig.
2. These patterns confirm that all the substituted
manganese spinels with different levels of boron
substitution have cubic spinel phase refined with
space groupFd3m with no discernable impurities.

Ž .Fig. 2. The XRD patterns of SR-LiB Mn O ys1r3, 1r6, 1r9 and 1r12 .y 2yy 4
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Fig. 3. Dependence of the lattice constant the withy values in
Ž .SR-LiB Mn O ys1r3, 1r6, 1r9 and 1r12 .y 2yy 4

Cubic lattice constant values obtained for SR-B
spinels are presented in Fig. 3, where it may be
noted that the lattice constants decrease with increase
in the substituting level of boron in a linear fashion,
showing that the substitution place its role in reduc-
ing the cubic spinel size. Let us make an apparent
comparison, even though the preparative conditions
are different, of the lattice constant of LiB -1r6

Mn O with a few substituted and non-substituted11r6 4
w xcubic spinels reported 12–15 , which will give light

on the influence of the boron over the spinel struc-
ture. The lattice constant values of Co-, Ni- and
Al-substituted spinels, prepared through solid state
method at the formation temperature of 7508C are,

˚respectively, 8.215, 8.220 and 8.220 A, whereas the
Ž .SR-B spinel precursor treated at 5008C has a lattice

˚constant value of 8.234 A at the same substitution

Žlevel represented as LiM Mn O MsCo, Ni,1r6 11r6 4
.Al and B . The cause for smaller lattice constant

value of boron-substituted spinel implies that boron,
˚Ž .with smaller radius;0.2 A , could not effectively

influence the surrounding oxygen spheres to result in
w xa smaller lattice constant values 21 . This can be

better understood when we compare the lattice con-
stant values of LiB Mn O and LiB Mn -1r3 5r3 4 1r12 23r12

˚O , which are 8.230 and 8.236 A, respectively. The4

wide substitution results to only a narrow difference
˚Ž .in lattice constant value;0.006 A .

The materials formed for the precursor treated at
5008C were of very fine and high bulk-density na-
ture. The typical SEM photographs shown in Fig. 4
reveal that there is not much difference in particle
sizes for different boron substitution levels in the
SR-B spinels. This can be correlated with minimum
difference in lattice constant values observed among
the SR-B spinels. The powders seem to be less
crystalline, presumably due to low calcination tem-
perature of the precursor. Again, the photographs
show that particle shapes vary widely, showing that
the synthesized powders are of polycrystalline na-
ture.

3.1.3. Thermal stability of LiB Mn O1r 6 11r 6 4

As most metal oxides of boron are associated with
glassy type of materials, and further, the quenched

Ž .SS-B spinel LiB Mn O after heating to1r6 11r6 4

7508C showed an XRD pattern related to tetragonal
structure, we attempted to investigate the stability of
SR-B spinel on LiB Mn O . Several portions1r6 11r6 4

of SR-LiB Mn O were exposed to different1r6 11r6 4

Ž . Ž .Fig. 4. SEM photographs for SR-B spinels, precursor treated at 5008C: a SR-LiB Mn O ; b SR-LiB M O .1r3 5r3 4 1r9 17r9 4
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heating temperatures for about 8 h and slow-cooled
specifically. The X-ray diffraction patterns obtained
were depicted in Fig. 5. For better understanding, the

Ž . Ž .enlarged view of Bragg peaks 311 and 400 are
shown in Fig. 6. The figure shows that the Bragg
peaks splitting at 6008C are possibly due to the
elimination of boron from 16d site of the structure,
with the simultaneous formation of lithium borate
glass and pure spinel. The SR-B spinel prepared at
6008C is hard enough to assume that it consisted of
lithium borate glass, and the peak at low 2u value is
related to pure spinel. The original peak correspond-
ing to SR-B spinel almost disappeared, and only a
peak related to pure spinel appears at 7008C. At
7508C, two broad peak appears related to distortion
of the formed cubic spinel into tetragonal configura-
tion.

Fig. 7 shows variation of lattice constant with
exposure temperature. Undoubtedly, the higher lat-
tice constant value reflected in the graph is due to

Ž .the higher percentage of pure spinel LiMn O2 4

formed on heating SR-B spinel. The increase in
lattice constant also implies decrease in boron con-
tent in the spinel. This trend is similar in nature,
observed in variation of lattice constant with boron
content curve represented in Fig. 3, where at higher
value of lattice constant, the boron content is very
minimum.

3.2. Electrochemical inÕestigations

3.2.1. Chargerdischarge analysis
Chargerdischarge studies were performed for all

the materials synthesized. For critical analysis, let us
consider the typical chargerdischarge patterns of the
cells represented in Fig. 8. In this figure, the

Žchargerdischarge curves for SS-B spinel LiB -1r6
. ŽMn O prepared at 7508C, SR-B spinel LiB -11r6 4 1r6
.Mn O —precursor calcined at 6008C—and11r6 4

Fig. 5. X-ray patterns of SR-LiB Mn O sample exposed to different temperatures.1r6 11r6 4
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Ž . Ž . Ž . Ž .Fig. 6. Shift of Bragg peaks with temperature: a 311 plane; b 400 plane.

Ž .SR-B spinel LiB Mn O —precursor calcined1r6 11r6 4
Ž . Ž . Ž .at 5008C—are shown as a , b and c , respec-

tively.

Fig. 7. Dependence of lattice constant with temperature for SR-
LiB Mn O spinel.1r6 11r6 4

Ž .In a , one may observe that despite a larger
Ž .charge capacity 120 mA hrg in the first charging

Žprocess, it delivers less discharge capacity-80
.mA hrg . This discharge capacity is not even the
Ž .capacity 100 mArh expected corresponding to

Mn3q even if one discount the formation of boron-5r6
Ž .substituted spinel 1r6 portion .

Ž .Curves in b for SR-LiB Mn O spinel1r6 11r6 4
Ž .precursor treated at 6008C show that the pattern is

Ž .very similar to that of a . The substance shows an
initial of -100 mA hrg and at the 5th cycle the
capacity drops to-90 mA hrg.

Ž .Curves in c for SR-LiB Mn O spinel1r6 11r6 4
Ž .precursor treated at 5008C show smooth charger
discharge patterns of spinel. The smooth patterns

Ž .with maximum initial capacity )110 mA hrg
with good cycling behavior seems comparable to the
best-performing substituted spinel compound

w xLiCo Mn O 12,14 .1r6 11r6 4
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Ž .Fig. 8. Chargerdischarge curves obtained for cells with a substance obtained after heating the stoichiometric ingredients for the
Ž . Ž .preparation of LiB Mn O by solid state reaction at 7508C, b SR-LiB Mn O , precursor treated at 6008C, and c1r6 11r6 4 1r6 11r6 4

SR-LiB Mn O , precursor treated at 5008C.1r6 11r6 4

All these suggest that SR-B spinel, with precursor
treated at 5008C, is only suitable for battery applica-
tion. The high capacity fade that is observed at high

Ž . Ž .temperature prepared samples, as in a and b , may
be attributed to the presence of any metastable mate-
rial present in the sample that transform into stable
form on deintercalation.

3.2.2. Cyclability
Fig. 9 compares the accessible capacity of the

Žspinels SR-B LiB Mn O ys1r3, 1r6, 1r9y 2yy 4
.and 1r12 and SS-LiMn O with cycling. The curves2 4

show that there is a drop in capacity accessibility
with substitution level, for the obvious reason that
Mn3q is responsible for capacity realization, which

decreases with substitution level. It is evident from
the figure that cells with SS-LiMn O , synthesized2 4

through solid state reaction, has the highest capacity
loss with cycling. To make a clear understanding of
the level of capacity fade with cycling for the differ-
ent substituted spinels, the slope values for all the
four substituted spinels were obtained through linear
square fit, and are presented in Fig. 10. The figure
shows that the loss in capacity is higher for lowest
substitution, and is very minimum for the one with
higher boron substitution. Of all the SR-B spinel, the
one with the composition LiB Mn O , in addi-1r9 17r9 4

tion to sustaining good cycle performance, inherits
Ž .good capacity value)110 mA hrg comparable

with the best-known substituted spinel.
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Ž .Fig. 9. Variation of capacity with cycle number for the positive electrode materials SR-LiB Mn Oys1r3, 1r6, 1r9 and 1r12 andy 2yy 4

SS-LiMn O .2 4

The spectacular cyclability of the substituted
spinel may, in general, be explained by the following
statements.

Ž .a The relative stability of parent spinel and
boron-substituted spinel could be apparently con-
ceived through the standard Gibbs energy of forma-

Ž .tion DG 8 at 298 K of Mn O and B O , which lief 2 3 2 3
y1 w xat y881 andy1192 kJ mol , respectively 19 .

These values lead to the conclusion that boron could
confer higher stability to the spinel.

Ž .b Boron with its capability to form coordinate
bond with oxygen atoms could also make the
metal–oxygen bond stronger, which is a prime re-
quirement for providing better cyclability.

ŽFig. 10. Capacity loss in cells with SR-LiB Mn O ys1r3,y 2yy 4
.1r6, 1r9 and 1r12 .

3.2.3. Diffusion coefficient of lithium
Ž .The open circuit voltage OCV corresponding to

Ždifferent lithium content in Li B Mn O ysx y 2yy 4
.1r3, 1r6 , along with SR-parent spinel, is repre-

sented in Fig. 11. The patterns show a smooth drop
in OCV with lithium content in the spinel, implicit of
its single-phase behavior, constituting a solid solu-
tion at all level of lithium insertion. Further higher
level of boron substitution leads realization of higher
OCV. The OCV reaches a higher value at 0.5 Li
content in LiB Mn O as it is near the end of1r3 5r3 4

Mn3q depletion.

Fig. 11. Dependence of open circuit voltage of cells with SR-
Ž .Li B Mn O ys0, 1r3 and 1r6 with different x values.x y 2yy 4
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Fig. 12. Dependence of log of diffusion coefficient of Li in cells
Ž .with SR-Li B Mn O ys0, 1r3 and 1r6 for different xx y 2yy 4

values.

Fig. 12 shows the variation of logarithmic diffu-
Žsion coefficient values of Li in Li B Mn O ysx y 2yy 4

.1r3 and 1r6 along with SR-parent spinel for com-
parison. The curves show that the substituted spinel,
in general, show diffusion coefficient values;10y9

cm2 sy1, which is around one order of magnitude
greater than the parent spinel,;10y10 cm2 sy1.
Since the atomic size of boron is smaller than the
other cations in the spinel oxide, a doubt arises on its
position as to whether it got substituted at 8a site of
the tetrahedron or 16d site of the octahedron in the
cubic spinel. If it got substituted at 8a site, the
intermolecular diffusion path 8a–16c–8a will be
obstructed by the presence of boron. An improve-
ment in apparent diffusion coefficient value of lithium
over the parent spinel has been observed in other
metal-substituted lithium manganese oxide LiM -y

Ž . w xMn O MsCr, Co, Al 14,22 . This could cer-2yy 4

tainly support that boron got substituted at 16d site,
as this position does not obstruct the diffusion path-
way.

4. Conclusion

Ž .a The boron-substituted spinels synthesized
Žthrough the solution route precursor powder cal-

.cined at 5008C provides higher capacity and better
cyclability.

Ž .b SR-B spinel calcined at 6008C suggests that
boron got eliminated at this temperature, leading to
simultaneous formation of pure spinel phase and
lithium borate glass formation. Formed spinel under-
goes distortion to tetragonal configuration at 7508C.

˚Ž .The smaller radius of boron;0.2 A could not
effectively influence the surrounding oxygen spheres
to result in compact spinel structure, to provide
stability at higher temperature.

Ž .c The smooth drop in OCV and the high diffu-
sion coefficient of lithium suggest that boron got
substituted at 16d site of the cubic spinel in the
SR-B spinel, with calcinations temperature at 5008C.

Ž .d Finally, as the compound LiB Mn O1r9 17r9 4

inherits good electrochemical behavior and consti-
tutes less toxic elements, it can be considered as a
promising positive electrode material for lithium ion
battery.
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