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Abstract

Surface cobalt doping and bulk yttrium doping were combined to improve the cycling stability of spherical spinel LiMn2O4 at elevated
temperature (55◦C). The cobalt surface doping was more effective than cobalt bulk doping at the same doping level, because the surface
cobalt doping prevents more efficiently manganese from dissolving in electrolyte. At yttrium doping level of 5%, doped spinel LiMn2O4
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ad specific capacity in excess of 130 mAh g−1 and 120 mAh g−1 at first cycle and at 100th cycle, respectively, at 25◦C. Doping of yttrium
nhanced the activity of manganese in spinel LiMn2O4, leading to both increase of specific capacity and decrease of cycleability, b

he active manganese easily dissolved into electrolyte during cycling. Moreover, the raise of the temperature led to an intensive
f manganese and poor performance at elevated temperature when yttrium doped. The dissolution could be effectively inhibite
urface doping. 0.5% yttrium bulk and 0.5% cobalt surface co-doped spherical spinel LiMn2O4 had the excellent performance, and its in
pecific capacities are 118 mAh g−1 and 110 mAh g−1 at 25◦C and 55◦C, respectively, and its 50th cycle specific capacities remained
14 mAh g−1 and 91 mAh g−1 at 25◦C and 55◦C, respectively.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The past decades have witnessed the rapid development
f lithium-ion battery in response to growing the needs from
lectronic and information industries. Spinel LiMn2O4 cath-
de material of Li-ion battery that is cost-effective and envi-
onmentally benign, as compared with conventional LiCoO2
aterial, has been extensively investigated[1–9]. However,

nstability of spinel LiMn2O4 during cycling hinders it from
ractical use. It is deemed that cycling capacity fading is led
y dissolution of manganese and structural change[10–12],
nd that these demerits of spinel LiMn2O4 can be restrained
y doping[13–15]. Among transition metals, cobalt doping

s considered to be the most effective. Radius of Co3+ is
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similar to that of Mn3+, and bond energy of Co–O is b
ger than that of Mn–O. Substitution of manganese by co
can reduce dissolution of manganese in electrolyte, sta
the lattice of spinel LiMn2O4, restrain structural change
LiMn2O4 during cycling, and finally improve its cycleabili
But meanwhile the transition metal substitution of manga
decreases specific capacity of spinel LiMn2O4 [16]. Doping
of yttrium can electrochemically activate spinel LiMn2O4
and increase its specific capacity[17]. But it is found tha
this activation can also promote dissolution of manga
and worsen its cycleability at 55◦C. Demerit of specific ca
pacity loss by transition metal doping can be overcome
suitable doping of yttrium, and demerit of poor cyclea
ity by yttrium doping can be overcomes by cobalt sur
doping.

The spherical particle could lead to its integrative sur
modification to enhance its performance[18]. Our lab ha

378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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been engaged in developing spherical active materials for
batteries since 1995[19–22], and developing a process of
controlled crystallization to prepare them.

In this study, the spherical spinel LiMn2O4 powders were
prepared. Surface and bulk cobalt doping were carried out to
investigate effectiveness of different doping. Doping amount
of yttrium was investigated to find out suitable yttrium dop-
ing. It was found that yttrium doping promotes the dissolution
of manganese in electrolyte, and verified by dissolving tests.
Both bulk yttrium doping to improve specific capacity and
surface cobalt doping to improve cycleability were carried
out to enhance the performance of spherical spinel LiMn2O4
at elevated temperature (55◦C).

2. Experimental

The preparation of spherical spinel LiMn2O4 was de-
scribed in previous report[23]. A brief description is given
out as follows.

The spherical MnCO3 was firstly synthesized by con-
trolled crystallization of MnSO4·H2O, NH4HCO3 and
NH3·H2O. The spherical Mn2O3 precursor was then ob-
tained by heat treatment of MnCO3. A mixture of Mn2O3
and Li2CO3 was calcined to produce LiMn2O4.

The bulk doping was carried out by co-precipitation with
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solving manganese was detected by ICP-AES (Prodigy, Lee-
man LABS, Inc.).

The electrode formulation consisted of 80 wt.% LiMn2O4,
10 wt.% carbon black and 10 wt.% binder. The net load of
the doped or un-doped LiMn2O4 was about 10 mg cm−2. The
prepared electrode pellets were dried at 120◦C under vacuum
for 48 h. The test coin cells were assembled in a dry glove
box filled with argon. The separator was a Celguard 2400
microporous polypropylene membrane. The electrolyte was
1 M LiPF6 in EC + DEC (1:1, v/v). A lithium metal anode
was used in this study. The charge/discharge cycling was
galvanostatically performed at a current of 0.5 mA cm−2 with
cut-off voltages of 3.35–4.35 V at room temperature and with
cut-off voltage of 3.35–4.2 V at 55◦C.

In this study, percentage of cation or anion is a mole
percentage for total cation or total anion, respectively,
and is an average percentage corresponding to that intro-
duced during the preparation. Due to the difference of per-
formance between bulk and surface doping, formulation
Li(Mn1−xMx)2O4 (M = Co and Y) could not correctly rep-
resent the samples and was not adopted here. The termi-
nology of surface doping was adopted instead of coating
because dopant did diffuse into the bulk at a certain ex-
tent during sintering, forming difference of composition be-
tween center and outer layer of particles. It is actually par-
tial bulk doping in the outer part of the particles. This was
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opant and MnCO3. The cobalt and yttrium bulk doped spin
iMn2O4 were prepared from their doped MnCO3, which
ere co-precipitates of CoCO3 and MnCO3, Y2(CO3)3 and
nCO3, and were co-precipitated with NH4HCO3 from
nSO4 and CoSO4 solutions, MnSO4 and YCl3 solutions

espectively. Above mixture solutions were prepared acc
ng to desired doping amount. The doped MnCO3 were
eated for 4 h at 560◦C and bulk doped Mn2O3 were
btained.

The cobalt surface doping was carried out as follo
he obtained Mn2O3 was added into deionized wa
nd agitated to form suspension. CoSO4 solution was fed

nto agitating suspension, meanwhile LiOH solution
lso fed slowly into the agitating suspension, accordin

Co2+]/[OH−] = 1/2. Thus, Co(OH)2 was coated on the su
ace of Mn2O3.

The obtained Mn2O3 was sintered with Li2CO3 to pre-
are desired spinel LiMn2O4 by the same heating progra
s described in reference[23].

Manganese dissolution test was carried out by imme
f doped LiMn2O4 powders in electrolyte of 1 M LiPF6 in
C + DEC (1:1, v/v) for 72 h under the protection of arg
anganese in electrolyte was analyzed by ICP.
Crystal phase of powders were characterized by p

er X-ray diffraction (XRD, D/max-rB) using Cu K�,
0 kV× 120 mA radiation with step of 0.02◦ at 6◦ min−1.
he particle morphology of the powders was observed

ng a scanning electron microscopy (SEM, JSM6301F).
lement composition of particle surface was analyze
DS (Oxford ATW Link Isis300, resolution 128 eV). D
erified by EDS analysis on the surface of particles,
icating that the percentage of dopant on the surface
uch higher than the average percentage introduced d

he preparation, and by XRD analysis of particles, wh
he change of intensity and width of reflection peaks
icated that the dopant was located at the sites of s
rystal, not adhered to the surface of particles, so it
ot a coating. Therefore, the term of surface doping
dopted to refer to partial bulk doping in the outer part of
articles.

. Results and discussion

.1. Doping of cobalt

All obtained samples are of excellent spherical morp
gy, fluidity and dispersivity, which are very useful for furth
rocessing. The particle diameters are approximate 20�m.
heir SEM images are shown inFigs. 1–3.

The surface morphology of 1% cobalt bulk doped MnC3
s shown inFig. 1a. The particle is compactly made up o
umber of crystalline grains, which are sized as 1–5�m. Its
urface becomes rough when heated at 560◦C, as shown i
ig. 1b. The roughness is probably caused by emissio
O2.
Fig. 2 shows the morphology of coated and un-coa

n2O3 by Co(OH)2. The surface of coated Mn2O3 become
ougher, and is closely and uniformly packed by nubby c
alline grains of Co(OH)2, as shown inFig. 2b. During the
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Fig. 1. SEM images of: (a) 1% cobalt bulk doped MnCO3 and (b) 1% cobalt bulk doped Mn2O3.

Fig. 2. SEM images of: (a) surface of Mn2O3 and (b) Co(OH)2 coated Mn2O3.

heat treatment, Co2+ ions diffuse into the surface layer of
particles to form a cobalt-rich layer of spinel.

Fig. 3 shows the morphology of cobalt doped LiMn2O4
powders. A distinct difference can be observed between

cobalt surface and bulk doped samples, as shown inFig. 3b
and d. The EDS analysis on the surface of 1% cobalt sur-
face doped LiMn2O4 shows that cobalt percentage was much
more than 1% on the surface of doped LiMn2O4, as shown in

oped L
Fig. 3. SEM images of: (a and b) 1% cobalt bulk d
 iMn2O4 and (c and d) 1% cobalt surface doped LiMn2O4.
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Fig. 4. EDS of 1% cobalt surface doped LiMn2O4.

Fig. 4. Thereby, surface doping of cobalt can be confirmed to
be different from bulk homogeneous doping. For the surface
doping samples, doping level is higher in the outer part of
particles than that in the central part.

As shown inFig. 5, XRD patterns of powders show that all
cobalt doped LiMn2O4 are well crystallized and can be iden-
tified as pure spinel cubic phases with a space group Fd3m
where Li+ ions occupy the tetrahedral (8a) sites; Mn3+, Mn4+

and Co3+ ions settle at the octahedral (16d) sites, this is rea-
son why the lattice parameter decreases when cobalt doped;
O2− ions reside at (32e). The absence of any other peaks for
the XRD patterns of doped spinel LiMn2O4 samples indi-
cates there are no else phases in the obtained doped samples
as compared with pure spinel LiMn2O4.

There is a very small difference of XRD patterns between
1% cobalt surface doped and 1% cobalt bulk doped samples.
This difference causes a very small change of their lattice pa-
rameters, as shown inTable 1, and this change indicates that
the dopant is homogeneously located in the crystal for bulk
doped sample, but not in the surface doped sample, because
of their same doping amount. On the other hand, the doping

Table 1
Lattice parameters of Co doped LiMn2O4 (Å)

Pure LiMn2O4 8.2517
1% Co bulk doped LiMn2O4 8.2380
1% Co surface doped LiMn2O4 8.2340
2.5% Co surface doped LiMn2O4 8.2213

amount is only 1%, it is small and can only make a small
impact on XRD patterns of the spinel LiMn2O4. Hereby, ter-
minology of surface doping is adopted instead of coating in
this study.

The radii of Co3+ ion (0.063 nm) is smaller than
that of Mn3+ ion (0.066 nm) and bond energy of
Co–O (1067 kJ mole−1) is bigger than that of Mn–O
(946 kJ mole−1). The lattice parameter becomes smaller
when Co3+ ions take the place of Mn3+ ions at the octa-
hedral (16d) sites. The lattice parameters of cobalt doped
spinel LiMn2O4 are calculated from the diffraction data and
listed inTable 1. Those of cobalt surface doped samples are
the smallest. Smaller lattice parameter implies smaller struc-
tural change and more stability during cycling. Especially,
1% cobalt surface doped sample has smaller lattice parame-
ter than 1% cobalt bulk doped sample, indicating that it has
more stability during cycling. These analyses accord with the
cycling performance data. Cobalt surface doped LiMn2O4
sample has better cycleability.

The cobalt doping causes a loss of initial specific capacity
of spinel LiMn2O4 at room temperature as shown inFig. 6a.
This loss is partially caused by decrease of manganese. The
lithium intercalation process should be supported by con-
comitance of manganese redox. The cobalt substituted for
manganese at (16d) sites makes decrease of manganese to
participate in redox. In addition, the XRD intensity peaks of
t t the
c -
c ly to
o au of

F
2
Fig. 5. XRD of cobalt doped LiMn2O4 and its precursors.
he spinel decrease after doping of cobalt, indicating tha
rystallinity of spinel LiMn2O4 and disordering of crystal in
rease. During discharge, lithium ions intercalate order
ccupy the tetrahedral (8a) sites at first at voltage plate

ig. 6. Initial charge/discharge plateau of cobalt doped LiMn2O4 at: (a)
5◦C and (b) 55◦C.
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4.1 V, and then disorderly fill in at voltage plateau of 3.9 V.
The capacity at 4.1 V plateau decreases after cobalt doping
(as shown inFig. 6a). Therefore, increase of crystal disorder-
ing causes a loss of specific capacity.

However, the doping restrains the loss of initial specific
capacity at elevated temperature (55◦C), as shown inFig. 6b.
The initial specific capacity differences between 25◦C and
55◦C are 13 mAh g−1 for pure LiMn2O4, 7 mAh g−1 for 1%
cobalt bulk doped sample, 5 mAh g−1 for 1% cobalt surface
doped sample and 1 mAh g−1 for 2.5% cobalt surface doped
sample. The most loss happens to pure LiMn2O4 and the
fewest loss happens to the surface doped sample. All ini-
tial specific capacities of cobalt doped samples exceed that
of pure spinel LiMn2O4 at 55◦C and the sample of 2.5%
cobalt surface doping has the biggest initial specific capacity
at 55◦C.

It is considered that the dissolution of manganese in elec-
trolyte is the main reason to cause capacity loss of spinel
LiMn2O4. This dissolution becomes faster at 55◦C than that
at 25◦C [10]. Dissolution of manganese in electrolyte can
be effectively restrained by cobalt doping, especially surface
doping. Consequently, cobalt surface doping can improve ca-
pacity of spinel LiMn2O4 at 55◦C.

The cycling performances of cobalt doped spinel
LiMn2O4 are shown inFig. 7. Obviously, the cycling per-
formances of spinel LiMnO can be improved by cobalt
d t-
t rcent
c -
i ility
b y
i t
1 g
a at
5

F
5

Fig. 8. XRD of cobalt and yttrium doped LiMn2O4.

Manganese can be effectively restrained to contact with
electrolyte by cobalt surface doping, and sequentially pre-
vented from dissolving in electrolyte during cycling. Espe-
cially, this prevention is more effective at elevated tempera-
ture.

3.2. Co-doping of yttrium and cobalt

As-obtained yttrium doped spherical spinel LiMn2O4
samples are also of spherality, the same excellent fluidity and
dispersivity as cobalt doped samples, and their morphologies
are also very similar to that of cobalt doped samples. So their
SEM images are not presented here.

As shown inFig. 8, all the yttrium doped LiMn2O4 are also
well crystallized and identified as pure spinel cubic phases
with the same crystal cell structure as the only cobalt doped
sample. Yttrium ion takes the place of manganese ion at
the octahedral (16d) sites. The lattice parameters of yttrium
and cobalt doped spinel LiMn2O4 are calculated from the
diffraction data and listed inTable 2. The lattice parameter of
LiMn2O4 becomes smaller when yttrium doped, but change is
tiny. When yttrium doped, the bond energy increases because
of excess of formation enthalpy of Y3+–O2− (1905.3 kJ) over
that of Mn3+–O2− (959 kJ), and the crystal lattice shrinks.
But this shrinkage is limited because of the excess of radii of
Y3+ (0.088 nm) over that of Mn3+ (0.066 nm). Those make
s rove
c

y
f

T
L
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1 8
0 416
1 88
1 53
2 4
oping both at 25◦C and 55◦C, and surface doping is be

er than bulk doping at the same doping level. One pe
obalt surface doped spherical spinel LiMn2O4 has synthet
cally excellent performance for its capacity and cycleab
oth at 25◦C and 55◦C. At 25◦C, its initial specific capacit

s 118 mAh g−1 and gets only 9 mAh g−1 of capacity loss a
00th cycle, and its initial specific capacity is 113 mAh−1

nd remains 93 mAh g−1 with capacity retention of 83%
0th cycle at 55◦C.

ig. 7. Cycling performance of cobalt doped LiMn2O4 at: (a) 25◦C and (b)
5◦C.
tructure stable during cycling and are beneficial to imp
ycleability.

As shown in Fig. 9, initial specific capacity of 0.5%
ttrium doped spinel LiMn2O4 increases to 130 mAh g−1

rom 125 mAh g−1 at 25◦C and to 120 mAh g−1 from

able 2
attice parameters of Y doped LiMn2O4 (Å)

.5% Y bulk doped 8.251
% Y bulk doped 8.250
.5% Co surface and 0.5% Y bulk doped 8.2
% Co surface and 0.5% Y bulk doped 8.23
% Co surface and 1% Y bulk doped 8.23
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Fig. 9. Initial charge/discharge plateau of cobalt and yttrium doped
LiMn2O4 at: (a) 25◦C and (b) 55◦C.

112 mAh g−1 at 55◦C, as compared with pure spinel
LiMn2O4. But that of 1% yttrium doped decreases to
110 mAh g−1 at 25◦C and to 103 mAh g−1 at 55◦C. Cycling
performance also shows the similar effect of yttrium doping.
As shown inFig. 10a, cycleability of 0.5% yttrium doped
sample is much better than that of 1% yttrium doped.

The cycling performances of yttrium doped spinel
LiMn2O4 are shown inFig. 10. Obviously, cycleabilities of
0.5% yttrium doped sample are improved both at 25◦C and
55◦C and its capacity retention is 92.3% at 100th cycle at

F
2

Table 3
Dissolution of Mn in electrolyte at 25◦C

LiMn2O4 Dissolution of Mn (%)

Pure 1.16
0.5% Y bulk doped 3.28
1% Y bulk doped 7.03
1% Y bulk and 1% Co surface doped 0.82

25◦C. But at 55◦C, the cycleability is still poor. This is prob-
ably caused by intensive dissolution of manganese, which is
activated by yttrium, in electrolyte at 55◦C. One percent yt-
trium doped sample has poor cycleability both at 25◦C and
55◦C. It is noticed that above results are much different from
that of other metal doped samples.

In this study, it is found that more yttrium doping leads
to more capacity loss and worse cycleability when doping
amount exceeds 0.5%, and that 0.5% yttrium doped sample
presents higher capacity and better cycleability than those of
both un-doped and over 0.5% yttrium doped samples at 25◦C.
The doping effect of yttrium is sensitive for electrochemical
performance of spinel LiMn2O4.

Normally, yttrium present in the (16d) site where man-
ganese occupies. Accordingly, the doping of yttrium de-
creases the content of manganese(3+) in the spinel, and it
would lead to a reduction of the capacity. But 0.5% yttrium
doped sample has shown the increase capacity as compared
with un-doped sample. The reason is probably as follows.

Yttrium is considered to have special catalysis as one of
rare earths. In order to explain this special phenomenon, tests
of manganese dissolution in electrolyte were carried out and
the results are given inTable 3. Obviously, dissolution of man-
ganese increases rapidly as doping amount increases. It con-
cludes that yttrium can significantly activate the manganese
in the spinel, leading to an increase of manganese activity.
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ig. 10. Cycling performance of yttrium and cobalt doped LiMn2O4 at: (a)
5◦C and (b) 55◦C. c r de-
onsequently, yttrium not only activates the electroch
al performance of manganese and enhances the spec
acity of spinel LiMn2O4, but also promotes the dissoluti
f manganese in electrolyte and worsens its electroch
al performance. This is why excess yttrium doping ca
apacity loss and cycleability worsening. While yttrium d
ng amount is below 0.5%, doping effect on dissolution

anganese is at acceptable level which is just over th
ure spinel LiMn2O4, and represents to induce the elec
hemical activation of manganese and increase capacit
ffect of more than 0.5% yttrium doping amount on dis

ution of manganese surpasses its effect on electroche
ctivation of manganese, leading to a worse electroch
al performance. Therefore, only proper yttrium doping
mprove the overall electrochemical performance.

Preventing manganese from dissolution in electrolyte
estraining the demerit of yttrium doping, cobalt surface d
ng is adopted to improve the electrochemical performa
f yttrium doped spinel LiMn2O4.

As shown inTable 3, cobalt surface doping can marke
ecrease dissolution of manganese in electrolyte. Meanw
obalt surface doping makes lattice parameter furthe
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crease, as shown inTable 2. Because smaller lattice parameter
leads to more stable cycling, cobalt surface doping can im-
prove cycleability. Therefore, yttrium bulk and cobalt surface
co-doping could enhance the electrochemical performance of
spinel LiMn2O4.

The cycling performances of doped samples are shown
in Fig. 10, where 0.5% yttrium bulk and 0.5% cobalt sur-
face co-doped sample has the best cycling performance both
at 25◦C and 55◦C, and its specific capacity remains to
be 111 mAh g−1 and 91 mAh g−1, and capacity retention is
94.2% and 82.7% at 100th cycle at 25◦C and at 50th cycle at
55◦C, respectively. Other samples have either lower capacity
or poorer cycleability.

Yttrium bulk and cobalt surface co-doping is an effective
way to improve spherical spinel LiMn2O4 both at 25◦C and
55◦C.

4. Conclusions

The initial specific capacity of LiMn2O4 decreases when
doped with cobalt at 25◦C, but it increases at 55◦C, as com-
pared with un-doped one. The surface cobalt doping is more
effective to improve the performance of LiMn2O4 than bulk
cobalt doping at the same doping level. One percent cobalt
surface doped sample has overall excellent performance for
i
s
c
a at
5

an-
g r
h olyte
t r yt-
t ing
i rical
s
b ts the
e ns to
b is

94.2% and 82.7% at 100th cycle at 25◦C and at 50th cycle
at 55◦C, respectively.
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