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Abstract

Spinel lithium manganese oxides with a nominal composition of LiM 4gsMn, 50, (M = Mn, Li, Al, Co, Ni, or B) are prepared and
their degradation mechanisms encountered in lithium secondary cells are investigated. Among the degradation mechanisms proposed in
previous reports, those arising either from cation mixing or from the formation of oxygen-deficient spinels are negligible in these
materials, but a certain amount of spinel dissolution is observed. X-ray diffraction (XRD) analysis indicates that the spinel lattice
experiences an appreciable change in volume during charge—discharge cycling. The extent of this change depends on the nature of
dopant. Compared to the undoped spinel, the lattice expansion/contraction according to Li * insertion/removal is more significant in the
B-doped spinel, but it is smaller in the case of Ni-, Co-, Al-, or Li-doped spinels. Spinels experiencing a smaller volume change maintain
their structural integrity, even after prolonged cell cycling, such that there is a better capacity retention. In the B-doped spinel, however,
the spinel lattice is largely collapsed and new phases are formed after cell cycling. This results in poor cycleability. It is proposed that the
structural breakdown due to the repeated change in lattice volume is the most important failure mode in these materials. Spinel dissolution
plays a second major role. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Spinel lithium manganese oxides, Li,Mn,0O,, are con-
Sidered to be promising cathode materials for lithium
secondary batteries [1-3], but their inferior cycleability,
particularly at high temperatures (ca. > 55°C), remains a
problem [4,5]. Severa failure modes have been proposed
[6-13] for 4-V Li Mn,O, cathodes. For example, Taras-
con et al. [6-8] accounted for the capacity loss by cation
mixing between Li and Mn ions in the spinel lattice. The
redox peak appearing at 4.5 V (vs. Li/Li*) has been
proposed as an indication of cation mixing. Gao and Dahn
[9,10] suggested another failure mode, namely, oxygen loss
from the spinel lattice. The discharge plateau appearing at
3.3 V was attributed to oxygen-deficient spinels. The
structural breakdown of the spinel lattice, particularly dur-
ing Li* insertion or extraction at the two-phase reaction
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region (0.1 <x< 0.4 in Li,Mn,0,), has also been pro-
posed to be an important failure mode [11-13].

In previous reports, we have advanced a further failure
mode that is deeply related with spinel dissolution [14—16].
This unfavorable reaction takes place mainly at the end of
the charging period (at > 4.1 V vs. Li/Li*), a which
potential the solvent molecules in non-agueous electrolytes
are electrochemically oxidized. Acids are generated as a
result of the solvent oxidation and the resulting acids
promotes dissolution of the spinel. This dissolution induces
capacity losses in two ways, viz., material loss from the
cathode and polarization loss due to an increase in the
electrode resistance. It was aso shown that spinel dissolu-
tion could be minimized by using electrolytes that are
relatively inert to electrochemical oxidation, namely, or-
ganic carbonates with fluorine-containing lithium salts (for
example, ethylene carbonate/diethyl carbonate/LiBF, or
LiPRy).

Several methods for cycleability improvement of spinel
cathodes have been investigated. Among these, the substi-
tution of a small amount of dopant ions at the Mn sites is
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the most commonly quoted [3,4,17—19]. In this case, the
basic strategy of doping is, anong others, to stabilize the
spinel structure against lattice breakdown or Jahn—Teller
distortion. Several reports claimed that even if the doping
content is small, some quaternary spinel phases
LiM ,Mn,_,O, (y<0.2) show better capacity retention
than the undoped counterpart. This strategy is, however, in
contrast to that of heavy doping, where the primary goa is
to exploit new 3 V or 5V cathode materials [3,20-22].
Some results have shown that the heavily doped spinels
LiM Mn,_,O, (y>0.2 and M = Ni, Fe, Cr, or Cu) de-
liver a discharge capacity at 3V or 5V at the expense of
the capacity at the 4 V region.

This work is an extension of previous studies where the
major goal was to improve the spinel cycleability by
incorporating a small amount of dopant cations in the
spinel lattice. To this end, we have prepared the doped
spinels with a nominal composition of LiM,sMn, 40,
(M = Li, B, Al, Co or Ni) and tried to identify the role of
dopant cations in determining the cycleability of the spinel.
First, a survey was conducted to determine if the above-
mentioned failure modes play a major role in doped spinel
cathodes. Then, as it was considered that the cycleability
improvement by doping may arise from an increase in the
electrical conductivity of the doped spinels, the conductiv-
ity was measured and correlated to the cycleability data.

2. Experimental

2.1. Materials

Powders of the undoped and doped spinels were pre-
pared by the citrate gel method [23,24]. In this preparation,
a stoichiometric mixture of LiNO;, Mn(NO,), - 6H,0,
and H;BO;, AINO,), - 9H,0, Co(NO,), - 6H,0 or
Ni(NO,), - 6H,0 for the nomina composition of
LiMg0sMn; 6O, (M =Mn, Li, B, Al, Co, or Ni) was
dissolved in water with an equivalent amount of citric acid.
The resulting agueous solutions were concentrated to pro-
duce sols and then dried in vacuum to give amorphous
gels. The gels were then crushed and calcined at 800°C for
8 h. The heating and cooling rate was fixed at 1°C min~*.

To prepare the composite cathodes, the spinel powders
were mixed with Ketjenblack ECP-600JD and Teflon
binder with a weight ratio of 73:20:7. The mixture was
then dispersed in isopropyl alcohol and spread on a piece
of stainless steel Exmet (length=2 mm; width=1 mm;
apparent area= 1 cm?), followed by pressing and drying
at 120°C for 12 h. The electrolyte was 1:1 mixture of EC
(ethylene carbonate) and DEC (diethyl carbonate) contain-
ing 1 M LiBF, or 1 M LiPF; (Tomiyama Pure Chemical).
Cell performance was tested in a three-electrode cell, in
which lithium foil (Hohsen) was used for the anode and
the reference electrode. For the cell capacity to be limited

by the cathode such that the observed capacity represents
that of the cathodes, an excess amount of lithium metal
was used as the anode. In addition, since the dissolved
Mn?* ions deposit on the Li anode and reference elec-
trodes, the reference electrode was isolated from the cath-
ode by a Vycor tip, and from the anode by a fritted glass.
With this cell configuration, a darkening of the Li elec-
trodes (deposition of Mn on Li electrode surface) can be
eliminated, which allows an estimate of the extent of Mn
dissolution by an analysis of the electrolyte alone.

For electrical conductivity measurements, pellets of the
spinels (diameter = 10 mm; thickness=ca. 1 mm) were
prepared by pressing at 20 MPa and sintering at 800°C for
12 h. The density, measured by the Archimedes method,
was about 2.6 g cm 3, which amounts to 60% of the
theoretical values.

2.2. Instrumentations

Galvanostatic charge—discharge behaviour was ana-
lyzed (1 mA cm™2, 0.4 C rate) over a voltage cut-off
range of 3.6 to 435 V (vs. Li/Li*). The metal ion
contents in the spinel powders were analyzed by an ICP
(inductively coupled plasma) technique. The Mn contents
and average Mn valence were determined by a potentio-
metric titration method [25,26]. The oxygen content was
then calculated based on the metal ion contents and Mn
valence. The dissolved Mn?* concentration in the elec-
trolytes was analyzed by differential pulse polarography.
For this, an EG& G PARC Model 174A polarographic
analyzer and a Model 303 SMDE were utilized. A tartaric
acid/ammonium hydroxide buffer (pH =9.0) was em-
ployed as the electrolyte.

For EVS (electrochemical voltage spectroscopy) mea-
surements, an EG& G PARC M362 potentiostat and a
programmable voltage source were combined to control
the applied voltage step (= 0.01 V), and the current was
continuously monitored until it decayed to a pre-set thresh-
old value (14 esnoig = 0.02 MA).

The conductivity measurements were made by means of
a direct-current method using the van der Pauw configura-
tion [27]. For this, an EG& G PARC M362 potentiostat
was utilized as the current source and the voltage was
monitored with a digital multimeter (Keithley 2001). The
electrical conductivity was measured as a function of
temperature in the range 30°C to 90°C.

3. Results and discussion

3.1. Chemical composition and cycling performance of
spinel cathodes

The chemical composition and average Mn valence of
the spinel materials are listed in Table 1. The chemical
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Table 1
Chemical formula and theoretical capacity of undoped and doped spinels

Dopant Chemical formula Li % Mn % Average oxidation Theoretical capacity?
state of Mn (mAhg™1)
Li Liy 02MnNy 960, 3.99 60.6 3.56 128
B Li1 00Bo.gaMN1 6604 3.82 59.3 351 143
Al Lig.g5Al0.05MN1 9504 3.68 60.0 352 142
Co Li,95C00.05MN; 040, 3.73 58.6 354 141
Ni Lig.99NigosMN1 940, 3.75 58.3 3.56 133
None LigggMnN, 000, 3.75 60.8 351 148

@Based on a one-electron charge—discharge reaction.

composition of each sample was close to the targetted
formula of LiM,,sMn, sO,. The dlight Li-deficiency in
some samples is probably due to Li evaporation during the
high-temperature preparation. From the chemical formula,
the theoretical capacities based on a one-electron charge—
discharge reaction were calculated to be in the range 128
to 148 mA hg L.

The change in discharge capacity (discharge capacity /
initial discharge capacity) is shown in Fig. 1. This was
obtained with the spinel cathodes at a current density of 1
mA cm~2. Theinitial discharge capacity is indicated in the
inset. It is apparent that the discharge capacity of the
B-doped spinel decreases much faster than that of the
undoped one. By contrast, the other doped spinels largely
retain their initial capacities for many cycles. For example,
the capacity loss observed with the undoped spinel is about
16% after 100 cycles, whereas that for the B-doped and
Ni-doped spinel is about 44% and 2%, respectively.
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Fig. 1. Change of discharge capacity (discharge capacity /initial capacity)
observed with Li/1 M LiBF, in EC:DEC (1:1 v /0) /spinel cells accord-
ing to cycle number. The cells were cathode-limited. Galvanostatic
cycling was carried out at 1 mA cm~2 (0.4 C) between 4.35 and 3.6 V.
Cathodes were composed of spinel oxide, Ketjenblack ECP-600JD, and
PTFE binder (73:20:7 in wt. ratio). Initial discharge capacity of each
spinel cathode is indicated in inset.

Typical charge—discharge potentia profiles are dis-
played in Fig. 2 for the undoped, Ni-doped and B-doped
spinels. The top curves correspond to the charging profiles
and the bottom ones to the discharging profiles. Only the
1st, 25th and 100th profiles are presented. Note that the
Ni-doped spinel outperforms the others and the B-doped
spinel exhibits the poorest behaviour. A comparison of the
1st charge—discharge profiles of the three cathodes reveals
that the potential difference between the charging and
discharging curve is largest in the B-doped spinel cathode.
This suggests that the cell polarization is most serious in
this electrode.

Cell polarization arises from various sources, eg.,
charge transfer resistance, electrode resistance, and mass-
transfer resistance through the electrode materials. In order
to assess the relative importance of the electrode resis-
tance, the electrical conductivity of the spinel materials
was measured. As can be seen in Fig. 3, the conductivity
of the Ni-doped spinel is higher than that of the undoped

100th 25th 1st

Potential / V vs. Li/Li"

36 | B-doped

0 20 40 60 80 100 120 140
Specific capacity / mAhg™
Fig. 2. Galvanostatic charge—discharge potential profiles traced with
Li/1 M LiBF, in EC:DEC (1:1 v/0)/spinel cells. In each profile, upper

curves correspond to charging and bottom to discharging. Only those
traced at the 1st, 25th and 100th cycles are shown.
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Fig. 3. Electrical conductivity of spinel materials as a function of
temperature. Conductivity values were observed at 30°C and activation
energy for electrical conduction are listed in Table 2.

one, but the B-doped spinel displays the lowest conductiv-
ity. Apparently, there is a relation between the conductiv-
ity of electrode materials and the cathode cycleability (Fig.
1); the highest electrical conductivity and best cycleability
is found with the Ni-doped spinel, but the lowest conduc-
tivity and poorest cycleability is given by the B-doped
spinel electrode. A similar relationship between the elec-
trode conductivity and cathode cycleability has been re-
ported in the literature. For example, Tukamoto and West
[28] reported that the Mg-doped cobalt oxide
LiMgg,45C0q 450, is three orders of magnitude higher in
conductivity than the undoped counterpart and its cathode
cycleability is superior to the undoped one. In the studies
reported here, even if there exists a relation between
electrical conductivity and cathode cycleability, the con-
ductivity increase obtained on doping is just twice or less
at 30°C (Table 2). It is thus difficult to conclude that the
electrical conductivity, and therefore the cell polarization,
has a crucial effect on the cathode rechargeability in these
materials (see Figs. 1 and 3).

Table 2

Electrical conductivity and activation energy for electrical conduction

Dopant Electrical conductivity? Activation energy®
(mScm™1) (ev)

Ni 0.55+0.01 0.34+0.01

Li 0.50+0.01 0.34+0.01

Co 0.25+0.01 0.34+0.01

B 0.09+0.01 0.36+0.01

None 0.29+0.01 0.35+0.01

&Measured at 30°C.
®Determined at 303 to 363 K.

The éectrical conductivity observed at 30°C and the
activation energy for electrical conduction is listed in
Table 2. The conductivity of undoped spindl is 0.29 mS
cm~! at 30°C, which is close to the reported value [29].
There is a negligible difference between the activation
energy values of the spinel samples. This suggests that the
small amount of doping does not perturb the conduction
processes in spinel materials.

3.2. Failure modes in spinel cathodes

In order to explain the capacity fading observed with
the spinel cathodes (Fig. 1), an assessment has been made
of the relevance of the degradation mechanisms proposed
in previous investigations of these cathodes. An EVS
profile taken for the undoped spinel is given in Fig. 4. As
seen, there appears neither the 3.3 V peak nor the 4.5 V
redox peak. The absence of these peaks was also con-
firmed for the other doped spinels. It is clear, therefore,
that both cation mixing and oxygen deficiency is negligi-
ble in the spinel samples prepared in this study.

The concentration of Mn?* ions in the EC/DEC/1 M
LiBF, electrolyte is shown in Fig. 5(a). This concentration
was monitored by differential pulse polarographic analysis
of the intermittently sampled electrolyte with cell cycling.
The material loss from the cathodes was calculated based
on the Mn?* content in the electrolytes, and the fraction of
material loss with respect to the total is plotted in Fig.
5(b). As seen, the extent of spinel dissolution from the
B-doped spinel is much smaller than that from the un-
doped or Ni-doped ones. Furthermore, the fractional capac-
ity loss arising from spinel dissolution amounts to less than
10% in the B-doped spinel and ~ 30% in the undoped and
Ni-doped spinel. It is thus very likely that the spinel
dissolution itself cannot explain the observed capacity loss.

| DI
T

Differential capacity / mAh(g mV)”

6 ‘ . . . . . . .
30 32 34 36 38 40 42 44 46

Potential / V vs. Li/Li*

Fig. 4. EVS differential capacity plot traced with undoped spinel. Note
absence of peaks at 3.3 and 4.5 V. Other spinels give similar results.
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Fig. 5. (@) Concentration of Mn?* ions dissolved from spinel cathodes
during charge—discharge cycling; (b) factional capacity loss arising from
spinel dissolution. Cathode composition and cycling conditions are the
same as for Fig. 1.

3.3. Sructural variation according to depth-of-charge

X-ray diffraction (XRD) analysis on the spinel powders
indicated that the materials have a spinel structure without
discernible impurities. A typical powder XRD pattern is
shown in Fig. 8(a). The lattice constants of the spinels (a,
at the fully lithiated state, x = 1.0) were calculated from
the diffraction data and are listed in Table 3. It is noted
that the doped spinels have a smaller (Li-, Al-, Co-, and

Table 3
Lattice constant (a,) at fully lithiated state and rate of change (Aa, /A x)
with Li* removal

Dopant L attice constant Aa, /AX Capacity loss?
(x=D (A 0
Ni 8.238 0.131 2
Co 8.235 0.137 5
Al 8.238 0.138 5
Li 8.229 0.142 9
B 8.256 0.193 44
None 8.244 0.170 16

dCalculated after 100 cycles.

Ni-doped) or larger (B-doped) lattice constant than the
undoped one. Interestingly, the former group outperforms
the undoped one, but the latter (B-doped spinel) exhibit
poorer behavior. This feature will be discussed later after
providing the results on the lattice volume change accord-
ing to Li* insertion/removal.

In general, the topotactic insertion /removal of lithium
ions into/from electrode materials is accompanied by a
change in the lattice volume, and sometimes by a structural
breakdown or transformation to other stable phases. In this
study, XRD analysis was performed to examine the change
in spinel structure. For this, the spinel cathodes were
charged (Li* ions are removed) to various pre-set depths
(x in Li,Mn,0,) and then the XRD patterns were ob-
tained. Fig. 6(a) shows the XRD patterns for the undoped
spinel. As displayed, removal of Li* ions from the spinel
framework brings about a shift in the peak to higher angles
and a peak splitting at x < 0.2. For instance, the x = 0.2

Intensity / arb. unit

30““40 ‘“50.‘ 60 i“70
20/ Cu Ka degree

| S T T T

o

Lattice constant/ A

825 (b)

8.20 r

8.05 | —eo—o

800 1 1 1 i 1 H 1 1 1
00 01 02 03 04 05 06 07 08 09 10 11

x in Li,Mn,O,

L 1

Fig. 6. (a) X-ray powder diffraction patterns for Li,Mn,O, as a function
of depth-of-charge; (b) change of lattice constant (a,) with x during first
charging. S powder was used as internal standard, but its peaks are
removed for clarity. Note, peak shift and peak splitting at x < 0.2 in (a),
and lattice contraction with Li* removal in (b).
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spinel shows a peak splitting at 260 = 37°, 45°, 59°, and
65°, and these peaks move to higher angles. The change in
lattice constant (a,) as a function of x is plotted in Fig.
6(b), where it is seen that the a, value decreases linearly
from 8.244 to 8.167 A in the region of 0.55 < x < 1.0, and
then remains at a constant value in the range of 0.4 < x <
0.55. Findly, the peaks are split into two at x = 0.2, which
indicates that two different cubic phases exist in this
region (x < 0.3). Similar results have been reported by Xia
and Yoshio [11].

X-ray analysis made with the Ni-doped spinel are pre-
sented in Fig. 7. Like the undoped one, the diffraction lines
gradually move to higher angles with charging. But there
appears no peak splitting over the entire region (0.2 < x <
1.0), which indicates that a single spinel phase persists
over the entire region. The calculated a, value is plotted

Intensity / arb. unit
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45 50 55 60 65

8.30 T T T T T T T T

o
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8.25
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8.15

810 1 1 1 1 1 1 1 1 1
01 02 03 04 05 06 07 08 09 10 11

xin LM, osMn, ¢5O,

Fig. 7. (@ X-ray powder diffraction patterns of Ni-doped spinel at
different depths-of-charge; (b) change of lattice constant (a,) observed
with Ni- and B-doped spinels as a function of x during first charging.
Note, diffraction peaks move to higher angles but without peak splitting.
Note aso the difference in slopes (Aa, /AXx) between two spinels.
Lattice constant at fully discharge state (x =1.0) for other spinels and
their changing rate are listed in Table 3.

againgt the depth-of-charge in Fig. 7(b), where a mono-
tonic decrease in the lattice constant from 8.238 to 8.137 A
is noticed. The lattice contraction with Li* remova is
readily explained by an increase in Mn vaence with
charging. Similar XRD measurements were made with the
other doped spinels, for which a gradual decreasein the a,
values without peak splitting is observed. The lattice con-
traction observed with the B-doped spinel is also presented
in Fig. 7(b). Note the difference in the slopes (Aa,/A x)
between two spinels. A comparison of Figs. 6 and 7
reveals that the phase transition evolving at x < 0.3 in the
undoped spinel is greatly suppressed by doping. In this
sense, considering Yoshio's suggestion [11-13], whereby
the spinel framework is collapsed due to the lattice stress
imposed by the phase transition occurring at x < 0.3, the
better cycleability of the doped spinels may be explained
by the absence of a phase transition. The observation that
the B-doped spinel suffers the most serious capacity losses
even without the phase transition encourages a search for
other, more tenable, failure modes.

The change of unit cell constant according to Li* ion
extraction is listed in Table 3 aong with the rate of
capacity fading. The percentage capacity loss was calcu-
lated from the results obtained after 100 cycles. As already
noted, doped spinel has either a smaller or a larger lattice
constant than the undoped one. The former group (Ni-,
Co-, Al-, and Li-doped spinels) exhibits smaller change in
volume (Aa,/A x=0.13-0.14) than the undoped spinel
(Aa,/Ax=0.17). Here, it is interesting to note that these
doped spinels show a better cycle performance than the
undoped one, but that the B-doped spinel, which suffers
the most significant volume change (Aa,/A x = 0.193)
exhibits the worst capacity retention. Obvioudly, there
exists a relationship between three parameters, namely, the
size of the spinel lattice at the fully lithiated state, lattice
volume contraction with Li* removal, and the rate of
capacity fading. Namely, the spinels with a smaller lattice
are more resistant against the volume change, which even-
tually gives rise to a better cycling performance.

3.4. Sructural change with extended cell cycling

In order to address the effect that the lattice volume
change has on the spinel framework, the spinel cathodes
(Ni-, B-doped and undoped ones) were X-ray analyzed
with cell cycling (Fig. 8). The XRD pattern of the B-doped
spinel in a fresh state is presented in Fig. 8(a). As fresh
samples of the other spinels show a similar profiles, they
were omitted. The XRD pattern presented in Fig. 8(b)
belongs to the Ni-doped spinel, where it is noted that
neither impurity phases nor the peak broadening is ob-
served, even after 200 cycles. Thus, the structural integrity
iswell-maintained. The XRD patterns obtained for B-doped
spinel after 1, 100, and 200 cycles are presented in Fig.
8(c) to (e), respectively. Note that the peak intensity
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Fig. 8. X-ray powder diffraction patterns for spinel cathodes with cell
cycling: (a) B-doped spinel in fresh state; (b) Ni-doped spinel after 200
cycles; (c) B-doped spinel after 1 cycles; (d) B-doped spinel after 100
cycles; (e) B-doped spinel after 200 cycles; (f) undoped spinel after 200
cycles; (g) undoped spinel after 300 cycles.

is greatly reduced and that new peaks develop (marked
with *), which shows that the spingl framework is largely
collapsed and new phases form. The top two patterns were
recorded with the undoped spinel after 200 and 300 cycles,
respectively. In this case, the peaks are broader than those
observed in the fresh state (as for Fig. 8(a)) and the new
peaks are detected at 20 = 18° and 36°. The new peaks for
both the undoped (see the inset) and B-doped spinel are at
the same positions, which is indicative of the formation of
the same phases from both spinels. Liu et al. [30] reported
the formation of tetragona Li,Mn,O, phases from the
undoped and Co-doped spinel after cell cycling. Up to
now, the new phases are not characterized, but the diffrac-
tion pattern is markedly different from that of the Jahn—
Teller distorted tetragonal phases [31].

4, Conclusions

In this work, undoped and doped spinels with a nominal
composition of LiM g gsMn, os0, (M = Mn, Li, Al, Co, Ni,

and B) have been prepared, and their cathodic properties
and failure modes have been examined. The following
observations are made.

(i) There appears to be a relationship between the
electrical conductivity of spinels and their cathode cy-
cleability, but the conductivity difference between the
spinels is too small to be a key determinant of cathode
cycleability.

(ii) There is neither the 3.3 V peak nor the 4.5 V redox
peak in the EVS profiles of the spinel cathodes; this
suggests that all the spinel materials prepared in this work
are free from cation mixing and oxygen deficiency.

(iii) The spinel dissolution accounts for < 30% of the
capacity loss, therefore this seems to be only a minor
influence on cathode cycleability.

(iv) Li-, Al-, Co-, and Ni-doped spinels have, in their
fully lithiated states, a smaller lattice than the undoped
one, and they experience a lesser degree of volume change
with cell cycling. By contrast, the B-doped spindl has a
larger lattice in the lithiated state and shows a substantial
change in lattice volume. A lattice breakdown and new
phase formation is observed in the B-doped spinel, but the
structural integrity of the other doped spinels is largely
maintained even after a prolonged cycling. The spinels that
experience a smaller volume change give a better cathode
cycleability. Breskdown of the spinel framework due to
repeated lattice contraction/expansion appears to be an
important failure mode in the spinel electrodes.
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