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Li(Lip2Mng4Feg2Mo2)O, (M=Co, Ni, Cr, Al) cathode materials were prepared by citric acid assisted
sol-gel process, and the effects of ion-doping on the structural and electrochemical properties of as-
prepared materials were investigated. The results show that both Co- and Ni- doped samples with pure
layered a-NaFeO; phase are easily prepared, Al-doped sample can only be obtained while annealed at
600 °C ~700 °C, but Cr-doped samples always contain impure phase of Li,CrO4 and LiFeO,. All of
doped samples prepared at 700 °C exhibit the highest discharge capacity. Among them, Cr doping is
not beneficial to electrochemical performance due to existence of impure phase of Li,CrO, and
LiFeO,. The Al-doped sample show higher capacity than Cr-doped one, but the notable low voltage
plateau is similar. In contrast, both Co- and Ni- doped samples deliver higher capacity and voltage
plateau, better structural stability during cycling. The Ni-doped sample presents higher voltage plateau
than Co-doped one due to better reduction of the phase transformation from layered structure to spinel-
like structure, showing more promising in view of cost and toxicity. It provides an initial capacity of
210 mAhg™ and 86.3% capacity retention after 21 cycles. The electrochemical performance is
expected to be further improved by Al- and Ni- co-doping in future.
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1. INTRODUCTION

In recent years, Ni- and Co- composited layered Li,MnO3-LiMO, (M = Ni, Co, Ni;—xCoy,
NiosMngs, NiyzCo1sMnys, Mngs-yNigs-,Cozy) materials with high capacity and low cost have been
investigated thoroughly in order to fill the demands of Lithium-ion batteries for EV and HEV [1-11].
LiFeO,-Li,MnO3 based solid solution have been developed by Tabuchi et al [12-17], which also
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attracted more attention due to cheapness of iron and the appearance of the Fe**/Fe** redox voltage
around 4V in the sample [12, 18]. The Liy.x(FeyMn;-y);-xO2 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 cycleability was poor due to the transformation of layered
Li,MnO3 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. Tabuchi et
al adopted 5% Al, Ni and Co doping to suppress capacity degradation of Li[Lig2Feo4Mng4]O-, but the
capacity was too small (70~80 mAhg™) [13]. Ni doping were further studies thoroughly by Tabuchi
[19] and other researchers [20-23]. The sample with same content of Mn and Ni, such as
Li;2(Mng.32Nios2Feo16)02, showed good cycleability but lower capacity (~160 mAhg™) [20]. The
sample with same content of Fe and Ni, such as Liy+[(Fe12Nii2)yMni-y]1-xO2 (x=0.2, y=0.4~0.5) [19],
0.6Li,MnO3-0.4Li [Mny3NiysFe13]O, [21], generally delivered high capacity of more than 220 mAhg’
! and ~80% capacity retention after 20 cycles. Liu et al. reported Liy>MngsgsNio.1s5F€0.0302 With
capacity of 261.6 mAhg * at 0.1C-rate and a high capacity retention rate of 90.9% after 80 cycles [22],
but Fe content in the doped sample was very low. Our research group also developed a new
composition of LiFeO,-Li,MnO3 based solid solution Li(Lig23Mng.47F€02Nig1)O2, which showed high
capacity of 277.4 mAhg® and better cycling stability [23]. Recently, investigation of LiFe;.
xCrO2-LioMnO3; was reported by Zhao et al. [24]. The sample with x=0.25 presented an initial
capacity of 238.9 mAhg™ and very good cycling stability (226 mAhg™ after 50 cycles) over 1.5~4.8V
voltage range. However, only an initial capacity of 144.1 mAhg™ was obtained when charge-
discharged over 2.0~4.8V. Therefore, modification of LiFeO,-Li,MnO3 based solid solution is still
needed to be carried out thoroughly in order to improve the electrochemical properties that can exceed
the combined advantages of the existing cathodes with high capacity and stable cycleability.

In this study, Li(Lig2Mng4Feo2Mp2)0, (M=Co, Ni, Cr, Al) cathode materials were prepared
by our proposed new sol-gel process [23], the effect of ion-doping on the structural and
electrochemical properties of as-prepared materials were investigated, and the doping ions was
optimized. As mentioned before, Co, Ni, Cr and Al doping of LiFeO,-Li,MnO3 have been reported in
some literatures [13, 19-24], but preparation methods and composition of the doped samples are
different among them, and comparison of the doped ions on the structural and electrochemical
properties have also been reported seldom.

2. EXPERIMENTAL

The cathode materials Li(Lip2Mng4Feo2Mo2)O, (M=Co, Ni, Cr, Al) were synthesized by our
proposed citric acid assisted sol-gel process [23].The transparent wet gel was prepared firstly by
stirring and heating the solution containing stoichiometric quantities of LINO3, Mn(NQO3),, Fe(NO3)s,
Ni(NO3),, Co(NOg3),, Cr(NO3)s, AI(NO3); 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
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dried gel was heated at 400 °C for 5 h, and then annealed at 600 °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
Li(Lio2Mng4Fep2Mo2)02 (M=Co, Ni, Cr, Al) powders. Morphologies of as-prepared samples were
taken from a Philips Quanta-400 field emission scanning electron microscope (SEM). X-ray
photoelectron spectroscopy (XPS) data were obtained using an ESCALab250 electron spectrometer
from Thermo Scientific Corporation with monochromatic 150 W Al Ka radiation. The base pressure
was about 6.5x10™° mbar. The binding energies were referenced to the C1s line at 284.8 eV from alkyl
or adventurous carbon.

The electrochemical characterization was performed using CR2032 coin cells. The cell
consisted of a cathode with the composition of 86wt% active materials, 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™? LiPFg /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™. Zahner
Elektrik IM6 electrochemical work station was used for cyclic voltammetry (CV) tests over 2.0~4.8 V
at a scan rate of 0.075 mVs™, and AC-impedance measurements over the frequency range from 100
KHz to 10 mHz with the amplitude of 5 mV.

3. RESULTS AND DISCUSSION

Fig.1 shows the XRD patterns of as-prepared Li(Lip2Mng4Feq2Mo2)O, (M=Co, Ni, Cr, Al)
materials. It is obvious that pure a-NaFeO, phase structure forms even at 600 °C for Co- and Ni- doped
samples. 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 [25]. Further increasing annealing
temperatures leads to sharpening of the diffraction peaks, increased los)/l(104) ratio and enhanced
splitting of double peaks of (006)/(012) and (018)/(110). It indicates that increase of annealing
temperature is helpful for improving the crystallinity and 2D cation ordering of the samples. However,
impure phase peaks corresponding to Li,CrO, [26] and cubic a-LiFeO, exist for all Cr-doped samples,
showing that Cr doping is disadvantage for formation of uniform Li,MnOs-LiFeO, based solid solution
with a-NaFeO, structure. Li,CrO4 peaks drop off with increase of annealing temperatures. It may be
attributed to the formation of amorphous glass state Li,CrO,4 at high temperatures [26]. For Al-doped
samples prepared at 600 °C -700 °C, pure a-NaFeO, phase can be observed. However, impure phase
peaks corresponding to y-LIAIO, (JCPDS no.38-1464) appear when the temperature is increased to
above 750 °C, due to the fact that higher annealing temperature is not beneficial to formation of -
LiAIO, with similar structure to layered LiIMO; (Ni, Co, NigsMngs etc.) [27].

SEM images of Li(Lig2Mng4Fep2Mg2)O, (M=Co, Ni, Cr, Al) prepared at 700 °C are shown in
Fig.2. It can be seen that the morphologies of Co-, Ni- and Al- doped samples are very similar, small
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primary particles with size of 100~200 nm aggregate to form big secondary particles. Different from
them, primary particles of Cr-doped sample are well crystallized, which may be related to the existence
of Li,CrO4 with low melting point [26].
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Figure 1. XRD patterns of Co-doped (a), Ni-doped (b), Cr-doped (c) and Al-doped (d) samples.

All of Co, Ni and Cr are multivalence metal ions. In order to clarify the valence, XPS analysis
were carried out on as-prepared Li(Lig2MngsFeo2Mg2)O, (M=Co, Ni, Cr) materials.
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Figure 2. SEM images of Li(Lio2Mng4Feg2Mo2)02 (M=Co, Ni, Cr, Al) prepared at 700 °C.
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Figure 3. XPS patterns for cobalt ion, nickel ion and chromium ion in Li(Lig2Mng4Feo2Mq2)O2
(M=Co, Ni, Cr).

Table I. The first discharge capacity of Li(Lio2Mng4Feg2Mo2)O, prepared at different temperature

650 °C 700 °C 750 °C 800 °C

Capacity of S-Co / mAhg™ 206.2 221.9 213.0 189.8
Capacity of S-Ni/ mAhg™ 192.6 211.0 193.9 176.2
Capacity of S-Cr/ mAhg-1 128.4 155.2 134.5 134.5
Capacity of S-Al / mAhg™ 158.6 183.7 146.6 122.3

Within this table, Li(Lio2Mng4Feq2Mo2)O, (M=Co, Ni, Cr, Al) samples are designated as S-Co, S-Ni,
S-Cr and S-Al, respectively.

As shown in Fig.3, the Co 2ps; binding energy locates at 780.5 eV. This is consistent with that
of Co®" in COOOH [28], confirming the +3 oxidation state of Co in the samples.

The Ni 2p3/; binding energy of the samples center at 854.9 eV, which is a little smaller than that
of Ni** in LiNiO,[29] but obvious higher than that of Ni** in NiO [30]. 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
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[31]. The Cr 2ps), peaks contain Cr** peak (CrOOH) at 576.6 eV and Cr®* peak (CrO;) at 579.7 eV
[28], which further confirm that some chromium ions were oxidized to create Li,CrO,4 impurity in
Li(Lio,zMno_4Feo_2CI'0,2)Oz.
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Figure 4. The first discharge curves of Li(Lig2Mng4Feo2Mp2)O0, (M=Co, Ni, Cr, Al).

The first discharge capacities of as-prepared samples are presented in Table I. The samples
prepared at 700 °C show higher capacity, which is same as Li(Lio.23Mng47Feo2Nig1)O2[23]. Therefore,
the samples prepared at 700 °C were chose to compare the electrochemical performance. The capacity
of Cr-doped sample is close to that reported in literature [24], and such lower capacity can be
attributed to the formation of Li,CrO4. Compared with Co- and Ni- doped samples, Al-doped sample
also show a little lower capacity, which should be related to inactive AI**. Apart from the capacity, the
shape of the first discharge curves is also remarkably different. As shown in Fig. 4, Ni-doped sample
shows higher voltage plateau, but Al- and Cr- doped sample exhibits lower voltage plateau.

In order to further figure out the mechanism, cyclic voltammetry tests were carried out. As
shown in Fig. 5, two oxidation peaks are observed below and above 4.4 V in the first charge curves.
The oxidation peaks below 4.4 V have been attributed to Li extraction from LiMO, component
accompanied by the reaction of Ni**/Ni**, Co**/Co*" and Fe**/Fe** redox couple, and that above 4.4 V
to an oxidation of O® ions and Li,O extraction from Li,MnOs; component, respectively [5, 12-17, 25,
32]. Smaller oxidation peak below 4.4V can be observed for Cr- and Al- doped samples, which may be
due to formation of Li,CrO, and inactive AI**, respectively. In the process of discharge, two reduction
peaks at ~3.1 V and ~3.8 V are observed. The peaks corresponding to the reduction of Co**, Ni** and
Fe** mainly locate around 3.8 V, the peaks corresponding to the reduction reaction of Li-intercalation
into MnO; formed after Li,O removal from Li,MnO3; mainly locate around 3.4 V, and the reduction of
Mn** in spinel LiMn,O4 to form Li1+xMn,04 occurs at about 2.8V [23, 33, 34]. For Co-doped sample,
two reduction peaks at ~3.1 V and ~3.8 V are obvious. Reduction voltage of ~3.1 V is higher than 2.8
V but lower than 3.4V, implying formation of some spinel-like phase. For Al-doped sample, there is
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one small peak around 3.8V corresponding to the reduction of Fe**, and one large peak around 3.0 V
corresponding to the reduction of Mn*".
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Figure 5. The cyclic voltammogram of Li(Lip2Mno4Feo2Mo2)O2 (M=Co, Ni, Cr, Al).

However, only a small peak around 3.3V and a large peak around 3.7 V are observed in Ni-
doped sample. Above results indicate that Ni-doping present remarkable effects on reducing structural
transformation from layer to spinel-like for Li,MnOg3-LiFeO, based materials. The discharge curves
overlapped mainly in the second cycle for Co- and Ni- doped samples, indicating that the structure
formed in the first discharge process is stable and reversible. The CV curves of Cr-doped sample are
obvious different from the others, which may be attributed to Li,CrO,4 phase.

The cycling performance of as-prepared materials are shown in Fig.6, The Co-, Ni, Cr- and Al-
doped sample show an initial capacity of 221.9 mAhg®, 211.0 mAhg™®, 155.2 mAhg™* and 183.7
mAhg?, and capacity retention of 86.7%, 86.3%, 86.7% and 83.1% after 21 cycles, respectively.
According to Tabuchi et al. [15], the sample Y03 with the composition of 0.22LiFeO,-
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0.78Li[Li1sMny3]O, can deliver a capacity of 233 mAhg™. However, its capacity declines to ~125
mAhg?, and its discharge voltage plateau also drop dramatically after 20 cycles.
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Figure 6. Cycling performance of Li(Liy2Mng4Feo2Mo2)O, (M=Co, Ni, Cr, Al).

Compared with sample YO03, Li(Lip2MnosFeo2Mp2)O2 (M=Co, Ni) show a little lower
capacity, but remarkable improved cycling stability. It can be speculated that substitution of small
portion of Li[Li13sMny3]O; in LiFeO,-Li[LiyzsMn,3]O; solid solution by LiNiO, or LiCoO, may make
great contribution to the improved cycleability. Compared with the Ni-doped Li,MnOs-LiFeO, based
materials reported in literature [19], as-prepared Li(Lig2Mng4Feg2Nip2)O2 in our work presents a close
capacity but improved cycleability, which may be attributed to our proposed new preparation method
[23]. Cr- and Al- doped sample show similar capacity retention, but their application is limited by both
low capacity and voltage plateau. Such drawback may be reduced by decreasing the doped Cr- and Al-
amounts. The studies on this issue are being carried out in our group.

4. CONCLUSIONS

All of Co- and Ni- doped samples prepared at 600 °C ~800 °C show pure layered o-NaFeO,
phase. However, Al-doped sample with pure layered o-NaFeO, phase can only be obtained while
annealed at 600 °C ~700 °C. In contrast, all of Cr-doped samples prepared at 600 °C ~800 °C contain
impure phase of Li,CrO, and LiFeO,. All of doped samples annealed at 700 °C show the highest
discharge capacity. Among them, both Co- and Ni- doped samples deliver higher capacity and voltage
plateau, better structural stability during cycling. Compared with Co-doped sample, the Ni-doped
sample show same capacity retention, a little lower capacity, but higher voltage plateau due to better
reduction of the structural transformation from layer to spinel-like. Combined with the consideration of
cost and toxicity, Ni doping is more promising. Cr doping is not beneficial to reducing the formation of
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cubic LiFeO,, both the capacity and voltage plateau are lower. For Al-doped sample, its capacity is a
little lower due to inactive AI**, but its voltage plateau is also notable lower. In view of the good
effects of inactive AI** on the structural stability, decreasing Al-doped amounts and co-doping with Ni
or Co should be further investigated on modification of Li,MnQO3-LiFeO, based materials in future.
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