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Structural and electrochemical properties

LiNig5_xC02xMnj5_x04 (0 < 2x < 0.2) was prepared by spray drying, then re-annealing in O,. Their struc-
tural and electrochemical properties were studied by ex-situ XRD, GITT, and charge-discharge testing.
The substitution of cobalt for Ni and Mn in the LiNigsMn;504 resulted in significant structural and
electrochemical variations, such as the change in structural transformation with lithium extraction, the
increase in the lithium diffusion coefficient and the decrease in the area specific impedance. Moreover,
the improved kinetic properties caused by the Co substitution for Ni and Mn result in an improved cyclic
performance at a high rate and at elevated temperature as well as the rate capability.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

LiNig5Mn; 504 has been extensively studied as a high-voltage
cathode material for lithium ion batteries during the past decade,
although it was initially proposed as a 3V cathode material [1-12].
LiNig5Mn; 504 has a cubic structure, and the valences of Ni and Mn
have been determined to be divalent and tetravalent, respectively.
When it is charged in the 5V voltage region, the Ni2* is oxidized
to Ni#* via Ni3* during the lithium ion extraction from the lat-
tice, while the valence of Mn does not change [7]. Many efforts
have been devoted to the preparation of LiNig sMn;504 through a
solution process, such as the sol-gel [2,13], co-precipitation [6,9],
emulsion drying [10], molten salt methods [14] and spray dry—post-
annealing in O, [15], due to the difficulty in the preparation by
the traditional solid state reaction [2]. It was found that the cation
distribution in the lattice was sensitive to the preparation condi-
tions. LiNigsMn;504, prepared at a high annealing temperature
(>850°C), adopts a cubic spinel structure with a high symmetry
(space group Fd3m), whereas it adopts a primitive simple cubic
structure with a low symmetry (space group P4532) if annealed at
a low temperature (<700°C) [15]. Moreover, different phase trans-
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formation processes occur during the lithium extraction/insertion
from/into the lattice, thereby resulting in a different electrochem-
ical behavior [14-17]. In addition to the preparation conditions,
the structural and electrochemical properties of the LiNig5Mn 504
could also be affected by the substitution of other metal ions, such
as Al, Mg, Fe, Cu and Co, and the change in the structural and elec-
trochemical characteristics depends on the dopant [18-22].

Our group previously reported the preparation of LiNigs_y
CoyxMn15_,04 (0 <2x <0.2) using a spray dry and post-annealing
process, and investigated the influence of the post-annealing
process on their structural and electrochemical properties [23].
Although we also found that the substitution of Co for Ni and Mn
could result in complicated structural and electrochemical varia-
tions, such as the change in the space group, an increase in the
oxygen deficiency and cation mixing, and an improved rate capa-
bility and cyclic performance, much work is needed to elucidate the
influence of Co substitution for Ni and Mn.

In this study, we prepared the LiNigs5_xCoyxMnjs5_5x04
(0<2x<0.2) and investigated its structural and electrochemical
variations after the Co substitution.

2. Experimental

The LiNigs5_xCooxMny5_,04 was prepared by a spray dry
and post-annealing process. Their preparation method has been
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reported in Ref. [23]. Generally, the stoichiometric Ni (NO3),-6H,0,
Co (NO3),-6H,0 and Mn (CH3C0O0),-4H,0 were initially dissolved
into a 0.2 M citric solution (Ni:Mn:citric acid is 1:3:4 molar ratio.).
The resulting solution was pumped into a spray dry instrument
(Biichi Mini Spray Dryer B-290). The obtained precursor was pre-
heated at 900 °C for 20 h in air. LiOH-H, O was added to the resulting
powder (7% molar ratio of lithium is in excess in order to compen-
sate for the possible loss), and the mixture was thoroughly ground,
and then pressed into pellets. The pellets were sintered at 700°C
for 24 h in air, and re-treated at 500°C for 30 h in O5.

The XRD measurements were carried out using a Rigaku
Rint1000 diffractometer equipped with a monochromator and a
Cu target tube.

The charge/discharge tests were carried out using a CR2032
coin-type cell, which consisted of a cathode and lithium metal
anode separated by a Celgard 2400 porous polypropylene film. The
cathode contains a mixture of 20 mg of accurately weighed active
materials and 12 mg of teflonized acetylene black (TAB-2) as the
conducting binder. The mixture was pressed onto a stainless steel
mesh and dried at 130 °C for 4 h. The cells were assembled in a glove
box filled with dried argon gas. The electrolyte was 1M LiPFg in
ethylene carbonate/dimethyl carbonate (EC/DMC, 1:2 by volume).

The Li* chemical diffusion coefficients of LiNig 5_xC0o;xMnq5_,04
were measured using the Galvanostatic Intermittent Titration Tech-
nique (GITT) by the Nagano BTS2004W charge-discharge system.

3. Results and discussion

Fig. 1 shows the XRD patterns of the LiNigs5_xCoyxMny5_4O4
(0<2x<0.2) prepared by the spray dry process with post-
annealing in O,. All samples had the typical diffraction patterns
of a cubic spinel and no impurities were observed in any of the
samples.

The initial charge curves of the LiNig5_xyCoyxMnq5_x04
(0 <2x<0.2) are shown in Fig. 2. The cells were operated at a cur-
rent density of 0.2mAcm~2 (20mAg-!) in the voltage range of
3-4.9V. A closer inspection revealed that LiNig5Mn;504 has two
plateaus in its charge profile. One is at about 4.76 V and the other
at about 4.77V. The difference is only 0.01V. In the case of the
LiNig 475C00.05Mn1.47504, the potential of the former decreased to
4.73V while the latter remained intact. The potential difference
between them increased to 0.04V, and the curve evolved into a
significant two-step style. With the increase in the cobalt content,
the potential differences between these two plateaus dramatically
increase to0.07,0.1,and 0.11 V for 2x=0.1,0.15, and 0.2. These results
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Fig. 1. XRD patterns of the LiNig5_xC02xMnq5_xO4 (0 <2x <0.2) prepared by spray
dry process with post-annealing in O,.
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Fig. 2. Initial charge curves of the LiNig5_xC02xMn;5_4O4 (0 <2x <0.2).

implied that the structural evolution behavior of the LiNig 5 Mn1504
with Li-ion extraction from the lattice was affected by the Co sub-
stitution of Ni and Mn.

In order to track the structural variation due to lithium extrac-
tion from the lattice, the ex-situ XRD measurements of the
LiNi0_475C00_05Mn1_47504 and LiNio_45C00.1Mn1_4504 were carried
out, and their patterns as well as their lattice parameters are
shown in Figs. 3 and 4, respectively. Two types of phase transfor-
mation behaviors were observed in the LiNig475C0995Mn147504
and LiNig 45C001Mnq4504 during the lithium extraction process.
For the LiNig475C0g05Mn147504, @ new phase, which could be
denoted as Cubic II (marked with (*)), appears when the cell was
charged to 45 mA hg~1. With further charging to 80 mA h g1, Cubic
Il (marked with (o)) peaks could be observed, as illustrated in
Fig. 3. The first two-phase coexisting region observed in the capac-
ity range from 40 to 75mAhg~!, consisting of Cubic I and Cubic
I, had lattice parameters of 8.168 and 8.081A. The second two-
phase coexisting region observed in the capacity range from 40
to 75mAhg-1, consisted of Cubic II and Cubic III and the lattice
parameters of Cubic IIl was 8.010 A. Moreover, the lattice param-
eters of the two phases made only a slight adjustment for both
two-phase coexisting regions with lithium extraction.

However, in the case of the LiNig45C001Mnj4504, No new
diffraction peaks were observed during the entire charge process,
therefore, no obvious two-phase co-existing region was observed
in their XRD profiles as depicted in Fig. 4. Moreover, the lattice
parameter gradually decreased with the lithium de-intercalation.
These results are similar to that of LiNigsMn;504 with different
space groups [14], thus we believed that the structural properties
of the LiNig 45C0g1Mnq4504 are intrinsically different from that of
the LiNig 475C00.05Mn1 47504, although they have almost the same
XRD patterns, As a matter of fact, we have ascribed the space group
of LiNi0_45C00.] MI’I]_4504 to Fd3m while LiNi0.475C00.05M1'11.47504
should be P4332 based on their different FT-IR spectra from our
previous study [23].

Fig. 5 shows the relative lattice volume variation of the
LiNig5_xCosxMn;5_404 after being charged to 4.9V. The lattice
volume of all samples shrinks with the lithium extraction, and
the relative volume change gradually decreases from 7% for the
LiNig5sMn; 504 to 4.8% for the LiNig4Cog2Mn404 as the cobalt
content increases. These results suggest that substitution of Co for
both Ni and Mn could reduce the relative volume variation, con-
sequently, reduce the risk of the granules exfoliation caused by
lithium extraction and enhance the structural stability.
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Fig. 3. Ex-situ XRD patterns and lattice parameters of the LiNig 475C0005Mnj47504
at different charge states.

The rate capabilities of the LiNig 5_xCo2xMnj5_x04 (0 <2x <0.2)
with the re-treatment in O, are depicted in Fig. 6. All cells
were initially operated for one cycle at a current density of
0.2mAcm~2 (20mAg-1). From the second cycle on, the charge
current density was maintained at a constant current density
of 0.2mAcm~2, while the discharge capacities changed from
0.2mAcm~2 (about 0.15C) to 0.4, 0.8, 1.6, 3.2, and 4.8 mA cm2
(about 3.5C) in subsequent cycles. The discharge capacity of the
LiNigsMn;504 is about 136mAhg~! at 0.15C and decreased to
about 125mAhg-1 (about 92% of its initial discharge capacity)
when the discharge rate increased to 3.5C. The discharge capac-
ities of the LiNig 475C0g,05Mnq 47504 at 0.15 and 3.5C are 133 and
119mAhg-1, respectively. Its capacity retention is about 89%,
lower than that of the LiNigsMn;504, which should be related
to the increased cation mixing degree [23]. The discharge capac-
ities for the samples with 2x=0.1, 0.15 and 0.2 are 128, 123,
and 116 mAhg-1 at 0.15 and 118, 114, and 107mAhg-! at 3.5C,
respectively. The capacity retention is greater than 92% for all of
them. In order to clarify the origin of the improved rate capa-
bility, the lithium chemical diffusion coefficients and the area
specific impedance (ASI) of the LiNips5_xCosxMnq5_,04 during
lithium extraction were determined, and the results are illustrated
in Figs. 7 and 8.

Fig. 7 shows the variation in the lithium chemical diffusion coef-
ficients withy in LiyNig 5_xC02¢Mn 5_,04, The lithium chemical dif-
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Fig. 4. Ex-situ XRD patterns and lattice parameters of the LiNis5C0p1Mny4504 at
different charge states.

fusion coefficients of the samples were determined by equation (1).

2 2
4 (Vm\?[ o dE/dx (d/2m)
DLi+—E(m) |:1 W for t « ﬁ (1)

where Vp, is the molar volume, F is the Faraday constant, A is the
contact area between the electrolyte and sample, I° is the applied
constant electric current, dE/dx is the slope of the coulometric
titration curve while dE/dt!/2 is the slope of the short-time tran-
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Fig. 5. Relative lattice volume change in the LiNips5_xC0o2¢Mny5 404 (0<2x<0.2)
after charging to 4.9 V.
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sient voltage charge. The equation is valid for times shorter than
the diffusion time, (d/27)* /D,;+ where d is the average diameter of
the grains [24]. The lithium chemical diffusion of all samples peri-
odically varied with the lithium content in LiNig 5_xC0o2xMnj5_4O4,

However, the evolution trend of the LiNigsMn;504 and
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Fig. 8. Area specific impedances (ASI) vs. Li content in the LiNip5_xC0o2¢Mny5_x04
(0<2x<0.2).

LiNig 475C00.05Mny 47504 are different from those of the sam-
ples with 2x > 0.1. Moreover, the diffusion coefficients remained
constant in the range of 0.8 <y <0.7 and 0.4 <y <0.25 for these
two samples. Since these two regions are consistent well with
those of two two-phase coexisting regions in their XRD patterns,
we inferred that the lithium diffusion coefficients should be pro-
portional to the velocity of the phase boundary moving. In the case
of the samples with 2x> 0.1, the constant diffusion coefficients
could not be observed, which should be related to the absence of
the two-phase coexisting region for the sample with space group
Fd3m. On the other hand, the diffusion coefficients of the sample
with 2x>0.1 are orders of magnitude higher than that of sample
with space group P4332 at every charge state. These results suggest
that Co doping could improve the lithium diffusion in the lattice.

Fig. 8 shows the variation in the area specific impedances of
the LiNig 5_xCo¢Mny 5_,04 for different state-of-charges (SOC). The
voltage variations were measured during the current interruption
for 60s at each SOC for the current 0.4 mA. Similar to that of the
lithium diffusion coefficients, the ASI of all samples changed with
the lithium extraction from the lattice. However, for almost every
charge state, the sample with Co doping exhibits an ASI lower than
that of the LiNig 5sMn1504. These results together with the lithium
diffusion data suggest that Co substitution of both Ni and Mn could
significantly improve the kinetic properties of the LiNig5Mn;504,
therefore, improve the rate capability.

Fig. 9 shows the cyclic performances of the
LiNig 5_xC02xMn15_,04 (0 <2x <0.2) operated at different C rates
in the voltage range of 3-4.9V at 60°C. When cells were cycled
at 0.15C, the reversible capacities of the LiNigs5_xCosxMnq5_,04
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are 130, 123, 124, 119 and 112mAhg-! for the samples with
2x=0, 0.05, 0.1, 0.15 and 0.2, respectively. The capacity losses
are 7, 11, 3, 3, and 3mAhg-! for the samples with 2x=0, 0.05,
0.1, 0.15 and 0.2, respectively. When cells were cycled at 3.5C,
both LiNigsMn;504 and LiNig475C0005Mnq47504 exhibited a
reduced cyclic performance, while samples with 2x> 0.1 showed
an excellent cyclic performance even they were operated at a
high rate and at elevated temperature. In our previous study, we
reported that the cycleability degradation of the LiNig5Mn;504
should be related to the kinetic factors [15], thus we believed
that the excellent cyclic performance of the samples with 2x>0.1
should mainly originate from the increase in the lithium diffusion
coefficient as well as the decrease in the area specific impedance.

4. Conclusion

The substitution of cobalt for Ni and Mn in the LiNig5Mn;504
resulted in significant structural and electrochemical variations,
such as the change in the structural transformation with lithium
extraction, the increase in the lithium diffusion coefficient and the
decreasein the area specificimpedance. The improved kinetic prop-
erties caused by the Co substitution for Ni and Mn resulted in the
improved electrochemical performances when they were operated
at a high rate and at elevated temperature.
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