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Uniform solid solution of (1-x-y)Li[Liy3sMn;;3]O2-XLiFeO,-yLiNiO, (x+y<0.5) were prepared by citric
acid assisted sol-gel process, and the effects of composition on the structural and electrochemical
properties of as-prepared samples were investigated. The results indicate that all samples prepared at
650 °C ~ 800 °C show pure hexagonal phase. The composition has noticeable effects on structural
properties such as interplaner spacing doos, crystal particle size, crystallinity and 2D cation-ordering,
thus affect electrochemical performance. Obvious cooperative effects are observed for the samples
with suitable amount of composited LiNiO, and LiFeO, (x+y~0.3~0.4). In view of capacity, cycling
performance and cost, the samples with x+y~0.3~0.4 and x/y=1.6~3.0 are considered to be more
promising new cobalt-free cathode materials with high capacity of more than 240 mAhg™.
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1. INTRODUCTION

In recent years, new cathode materials with high capacity, low cost and environment friendly
have been investigated thoroughly in order to fill the demands of Lithium-ion batteries for EV and
HEV.[1] Among them the Ni- and Co- composited layered Li,MnO3-LiMO, (M = Ni, Co, Ni;—Cox,
NiosMngs, NiyzCo1sMnysz, Mngs-yNigs-yCoay) solid solution materials attracted more attention of the
researchers.[2-11]

In view of the cost and toxic elements in such Ni- and Co- composited layered Li,MnOs-
LiMO, materials, cobalt free Li-rich cathode materials LiFeO,-Li,MnO3; have been developed by
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Tabuchi et al.[12-17] The Liy+x(FeyMn;-y);xO> solid solution (0.3<y<0.5) prepared by using a three-
step preparation method including coprecipitation—hydrothermal—calcinations presented high capacity
of >220 mAhg™. However, the cycleablity was poor due to the transformation of layered Li,MnOs to
spinel phase as well as the formation of inactive cubic LiFeO, phase. In order to improve the cycling
stability, doping of LiFeO,-Li,MnO3 was investigated by some research groups. Zheng et al. reported
Li(Lig.15Nig21Feo21Mng 45)O-, prepared by annealing the hydroxide co-precipitate precursor with excess
LiOH (2 times).[18] The material exhibited excellent cycling performance, but its capacity only
reached ~150 mAhg™, and too much LiOH also caused severe corrosion and difficulty of washing
residual excess Li salt. Karthikeyan et al. reported another doped LiFeO,-Li,MnOj3 based solid solution
with the composition of Lij2(Mng32Nip32Fe16)O2. The material also showed good cycleablity but
lower capacity (~160 mAhg™).[19] In order to develop a new composition of LiFeO-Li;MnO; based
solid solution, which can exceed the combined advantages of the existing cathodes with high capacity
and stable cycleablity, our research group also developed a new cobalt free LiFeO,-Li,MnO3; based
solid solution with a composition of Li(Lig23Mng47F€02Nio1)0,.[20] The material, which was prepared
by a new citric acid assisted sol-gel process including three-step of “preparation of wet gel—formation
of spray-dried gel—annealing at high temperature”, showed high capacity of 277.4 mAhg™ and better
cycling stability. However, some important issues are still unclear. For example, how does the
composition of Li,MnO3-LiFeO,-LiNiO, affect the structural and electrochemical properties? Is there
other composition except Li(Lio23Mng47Fe2Nig1)O2 showing better Li-storage properties ?

In this study, we demonstrate the effects of solid solution composition on Li storage properties
of (1-x-y)Li[Liy;3Mny3]O2-XLiFeO,-yLiNiO,, and further optimize the solid solution composition to
obtain the best electrochemical performance. For the purpose, a series of materials with the
composition of (1-x-y)Li[LiyzsMny3]O2-XLiFeO,-yLiNiO, (x+y<0.5) were prepared by our proposed
new sol-gel method.[20]

2. EXPERIMENTAL

The cathode materials (1-x-y)Li[Li;3sMny3]O2-XLiFeO,-yLiNiO, were synthesized by our
proposed citric acid assisted sol-gel process including three-step of “preparation of wet gel—formation
of spray-dried gel—annealing at high temperature”.[20] The transparent wet gel was prepared firstly
by stirring and heating the solution containing stoichiometric quantities of LiINO3z, Mn(NOs3),,
Ni(NO3),, Fe(NO3)3 and citric acid (Citric aicid : Total metal amount = 1:1 by molar ratio) at 70 °C for
12 h. The wet gel was then spray-dried at the condition of inlet air temperature 180°C and outlet
temperature 65 °C ~ 70 °C to form transparent yellow foam gel. The dried gel was heated at 400 °C for
5 h, and then annealed at 650 °C ~ 800 °C for 12 h followed by retreatment at 600 °C for 10 h in
oxygen atmosphere to obtain products.

XRD-7000 X-ray Diffractometer was used to characterize the structure of (1-x-
y)Li[Li13Mny3]O,-xLiFeO,-yLiNiO, powders. X-ray photoelectron spectroscopy (XPS) measurement
was performed on an ESCALAB spectrometer (VG scientific) using a monochromic Al Ka light
source.
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The electrochemical characterization was performed using CR2032 coin cells. The cell
consisted of a cathode with the composition of 86wt% (1-x-y)Li[Liy3sMn;;3]O2-XLiFeO,-yLINiO,,
8wt% Super P carbon black, and 6wt% poly(vinylidenefluoride), and a lithium metal anode separated
by a Celguard 2400 microporous film. All investigated cells featured cathode electrodes with 0.8 cm in
diameter and an active area of 0.50 cm? respectively. The mass of active material in each cathode was
about 5 mg. The electrolyte was 1 molL™ LiPFs /EC+DEC+DMC (1:1:1 by volume). The cells were
assembled in an Etelux-Lab2000 glove box filled with pure argon. The charge-discharge tests were
galvanostatically performed on LAND cell test system over 2.5~4.8 V at the current densities of 10
mAg™’. AC-impedance measurements were performed using a Zahner Elektrik IM6 impedance
analyzer over the frequency range from 100 KHz to 10 mHz with the amplitude of 5 mV.

3. RESULTS AND DISCUSSION
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Figure 1. XRD patterns of 0.5Li[Liy3sMny3]0,-0.45LiFe0,-0.05LINIO, prepared at different
temperature.

All of as-prepared products were investigated by XRD analysis. The results indicate that except
for some weak peaks between 20° and 23°, all the diffraction peaks can be indexed based on a layered
a-NaFeO,-type structure, even for 0.5Li[Liy3Mny;3]0,-0.45LiFe0,-0.05LINIO, sample with high
content of LiFeO,, as shown in Fig. 1. The weak peaks between 20° and 23° are considered to be
attributed to the superlattice ordering of Li and Mn in the transition-metal layers of Li,MnO3.[21] No
impurity phases like LiMnO, and a-LiFeO, can be detected, which indicates that the formation of
cubic LiFeO, can be suppressed by the composited Li,MnOs. It can be speculated that uniform solid
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solution of (1-x-y)Li[Li13Mny;3]O2-XLiFeO,-yLiNiO, (x+y<0.5) with pure hexagonal phase (or
monoclinic phase) is prepared at 650 °C ~ 800 °C in the work.
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Figure 2. XRD patterns (a) and the corresponding (003) diffraction peaks (b) of 0.7Li[Liy3Mny;3]O,-
(0.3-y)LiFeO,-yLiNiO; prepared at 700°C.

0.7Li[Li13Mny;3]O2-(0.3-y)LiFeO,-yLiNiO, was selected to carry on further XRD analysis in
order to investigate the effect of solid solution composition on the structure of (1-x-y)Li[Li1;sMny3]O,-
XLiFeO,-yLiNiO,. The results are shown in Fig. 2. Fig. 2a shows that increasing LiNiO, content in the
investigated solid solution results in enhanced splitting of (006)/(102) and (018)/(110) doublets, and
increasing of lgoa/l1p4. It suggests that increasing LiNiO, content leads to the improvement of the 2D
cation-ordering layered structure of 0.7Li[Li13Mn2;3]O2-(0.3-y)LiFeO,-yLiNiO, samples, which is
beneficial for Li* diffusion along (003) lattice plane. Further analysis of (003) diffraction peaks, as
shown in Fig. 2b, reveals that increasing LiFeO, content make (003) diffraction peak broaden and shift
to low 26 angle, indicating that increasing LiFeO, content can enlarge interplaner spacing doos,
decrease crystal particle size and shorten Li* diffusion path. It displays that increasing LiFeO, content
in 0.7Li[Liy3Mny3]O2-(0.3-y)LiFeO,-yLiNiO, samples make the 2D cation-ordering decrease, but
enlarged interplaner spacing dgoz and shorten Li* diffusion path may provide a possibility for
improving the electrochemical properties.

Fig. 3 shows the Mn-, Fe- and Ni-2p XPS spectra of 0.7Li(Li13Mny3)0,-0.2LiFe02-0.1LiNiO,
samples prepared at different temperatures. The Ni 2ps/, binding energy of the samples center at 854.9
eV, which is a little smaller than that of Ni** in LiNiO, [22] but obvious higher than that of Ni** in NiO
[23]. It indicates that nickel ions in the samples exist mainly in an oxidation state of Ni**. Small part of
Ni?* may come from NiO which has been reported to be formed on the surface of the nickel-containing
metal oxides while stored in air.[24] The Mn 2ps;, binding energy locates at 642.1 eV. This is
consistent with that of Mn** reported in literatures.[25, 26] The Fe 2ps;, binding energy was 710.6 eV,
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which agrees well with that of Fe** in y-Fe,03,[27] confirming the +3 oxidation state of Fe in the
samples. All of investigated samples prepared under same atmosphere (O,) show almost same binding
energy, therefore, the valence states of Mn, Fe and Ni in our prepared samples present +4, +3 and +3,
respectively.
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Figure 3. XPS patterns of 0.7Li(Li13Mny3)O0,-0.2LiIFeO,-0.1LiNiO; annealed at 600°C (a), 700°C (b),
and 800°C (c).

Table 1. Charge-discharge properties of (1-x-y)Li[Li13sMny3]O2-xLiFeO2-yLINiO,

Composition

1% discharge
capacity (Qua) /

10™ discharge
capacity (Quod) /

Capacity retention

AR o (Qud/Qud) | %
x=0.05 y=0.05 305 115 377
x=0.15 y=0.05 233 175 75.1
x=0.10 y=0.10 320 155 48.4
x=0.05 y=0.15 262 173 66.0
x=0.25 y=0.05 257 220 85.6
x=0.20 y=0.10 277 269 97.1
x=0.15 y=0.15 214 207 96.7
x=0.10 y=0.20 232 220 94.8
x=0.05 y=0.25 262 212 80.9
x=0.35 y=0.05 190 178 93.7
x=0.30 y=0.10 245 195 79.7
x=0.25 y=0.15 247 198 80.2
x=0.20 y=0.20 211 177 83.9
x=0.15 y=0.25 212 171 80.7
x=0.10 y=0.30 217 185 85.2
x=0.05 y=0.35 236 207 87.7
x=0.45 y=0.05 166 136 81.9
x=0.40 y=0.10 168 138 82.1
x=0.35 y=0.15 179 135 75.4
x=0.30 y=0.20 160 140 87.5
x=0.25 y=0.25 165 141 85.4
x=0.20 y=0.30 153 138 89.6
x=0.15 y=0.35 174 119 68.4
x=0.10 y=0.40 200 163 81.5
x=0.05 y=0.45 203 146 71.9
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Figure 4. The first charge-discharge curves (a) and the corresponding differential discharge capacity
(dQ/dV) vs. voltage curves (b) of the 0.7Li[Li1/3Mny3]O02-(0.3-y)LiFeO,-yLiNiO, prepared at
700 °C.

The Li-storage properties of as-prepared (1-x-y)Li[LiyzMny3]O2-xLiFeO,-yLINiO, samples
were investigated by charge-discharging during 2.0~4.8 V at constant current of 10 mAg™ for 10
cycles. The results are summarized in Table I. As an example, Fig. 4 presents the first charge-
discharge curves and the corresponding differential discharge capacity (dQ/dV) vs. voltage curves of
0.7Li[Li13Mny3]0,-(0.3-y)LiFeO,-yLiNiO, prepared at 700 °C. As shown in Fig. 4a, two different
plateaus are observed below and above 4.4 V in the charge curves. The charge curves below 4.4 V
have been attributed to Li extraction from LiMO, component accompanied by the reaction of Ni**/Ni**
and Fe**/Fe** redox couple, and that above 4.4 V to an oxidation of O* ions and Li,O extraction from
Li,MnO3; component, respectively.[5, 12-17, 21, 28] For the discharge curves in Fig. 4a, no obvious
plateau above 4.4 V is observed due to the irreversible reaction of Li,O extraction from Li,MnO;
component, which causes large irreversible capacity loss. In order to further explore the charge-
discharge mechanism during the first cycle, the differential discharge capacity (dQ/dV) vs. voltage
curves of 0.7Li[Liy;3Mny3]0,-(0.3-y)LiFeO,-yLiNiO, were compared in Fig. 4b. It can be seen that
with increasing LiNiO, content, the capacity below 3.5 V drop off, and the capacity above 3.5 V
increase gradually. For example, compared with the sample y=0.10, the sample y=0.25 shows a close
discharge capacity but an obvious increased peak around 3.75 V corresponding to the reduction of
Ni**.[29] Above results indicate that all of transition metal ions in (1-x-y)Li[Liy3sMnys3]O,-XLiFeO,-
yLINIiO, participate in the electrochemical redox reaction during the charge-discharge process, and
increasing LiINiO, content is beneficial for elevation of discharge voltage plateau.

The effects of solid solution composition on the electrochemical performance of (1-x-
y)Li[Liy3sMny3]O,-XLiFeO,-yLiNiO, are shown in Fig. 5. In the figure, the listed data are the first
discharge capacity, and the capacity retention with >90%, 80~89%, 65~79% and <65% after 10 cycles
is defined as excellent cycleablity, good cycleablity, moderate cycleablity and poor cycleability,
respectively. It can be seen that although increasing Li[Liy;3sMny3]O, content can improve the
discharge capacity, too much Li[Li;;3sMny3]O, (x+y<0.2) leads to poor cycle stability, which can be
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attributed to the structure transformation from layer to spinel-like.[30, 31] However, the samples with
suitable amount of LiNiO, and LiFeO, (x+y~0.3~0.4) can present high capacity of >210 mAhg™ and
good cycling performance, as shown in shadow area of Fig. 5.
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Figure 5. Effect of composition on the electrochemical performance of (1-x-y)Li[LiyzMnys3]Oo-
XLiFeO,-yLiNiO,.

It implies that suitable amounts of composited LiFeO, and LiNiO; in the solid solution is
beneficial for reducing the transformation of layered Li[Liy3Mny3]O; to spinel phase, and suitable
amounts of composited Li[Li;;3sMn,3]O, can also restrain cubic LiFeO, formation. Obvious
cooperative effects are observed. In addition, for samples with x+y=0.3~0.5, an interesting phenomena
is observed that the sample with x~y show lower capacity than ones with x/y<0.6 or x/y=1.6~3.0. In
order to clarify the reason, AC-impedance analysis was carried out, and the results are shown in Fig.6.
For sample with y=0.05, 0.10, 0.15, 0.20 and 0.25, the charge transfer resistance R are simulated to be
793.5 Q, 175.8 Q, 780.2 3, 361.8 Q and 119.0 Q respectively, and the Li* diffusion coefficient Dy
are calculated to be 2.34x10™® cm?™, 1.47x10™ cm%™, 9.10x10® cm?s?, 1.06x10™ cm?™ and
1.38x10™"® cm?s™ respectively based on the low frequency line data.[32, 33] Compared with the sample
y=0.15, the sample y=0.10 shows smaller R¢; and higher D;* value, which is consist with its higher
capacity. In view of its lower cation-ordering, it is speculated that its larger interplaner spacing doos
and shorter Li* diffusion path due to small crystal particle size may contribute to its better Li*
intercalation-deintercalation properties. However, the sample y=0.20 and 0.25 also shows smaller R,
higher D" and higher capacity in spite of longer Li* diffusion path due to higher crystal particle size.
That may be attributed to its higher cation-ordering 2D layered structure. Although further studies on
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the mechanism of this aspect are still needed in the future, it is very meaningful that as compared with
reported other LiFeO,-Li,MnO3; based solid solution materials,[12-19] our prepared samples (1-x-
y)Li[Li1sMny3]O2-xLiFeO,-yLiNiO, with x+y~0.3~0.4 and x/y=1.6~3.0 exhibit the combined
advantages of high capacity, good cycling stability and low cost, which can be considered as more
promising new cobalt-free cathode materials with high capacity of more than 240 mAhg™.
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Figure 6. AC impedance patterns of 0.7Li[Li13Mn23]O2-(0.3-y)LiFeO,-yLiNiO, prepared at 700°C.

4. CONCLUSION

Uniform solid solution of (1-x-y)Li[Li1sMn23]O2-xLiFeO,-yLiNiO, (x+y<0.5) with pure
hexagonal phase (or monoclinic phase) can be prepared at 650 °C ~ 800 °C by citric acid assisted sol-
gel process including three-step of “preparation of wet gel—formation of spray-dried gel—annealing
at high temperature”. Suitable amounts of composited Li[Li;;3sMn;3]O, in the solid solution can
improve the discharge capacity and also restrain cubic LiFeO, formation, suitable amounts of
composited LiFeO, and LiNiO, is beneficial for reducing the transformation of layered
Li[Li;3sMny3]O, to spinel phase. Increasing LiFeO, content can enlarge interplaner spacing doos,
decrease crystal particle size and shorten Li* diffusion path, but increasing LiNiO, content can increase
crystallinity and 2D cation-ordering of the layered structure of 0.7Li[Liy3sMny3]O,-(0.3-y)LiFeO,-
yLiNiO, samples. Obvious cooperative effects are observed for the samples with suitable amount of
LiNiO, and LiFeO, (x+y=0.3~0.4), which can present high capacity of >210 mAhg™ and good cycling
performance. In view of capacity, cycling performance and cost, the samples with x+y~0.3~0.4 and
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x/y=1.6~3.0 are considered to be more promising new cobalt-free cathode materials with high capacity
of more than 240 mAhg™.
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