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Novel spinel Lij ps[(Mn1.99Gdo.01)0.91(MN18C002)000]O4 as cathode material for Li-ion battery was
prepared through two-step solid-state reaction and treatment by Li-Mn-Co-O material on the surface of
Li105[Mn1.99Gdo.01]O4 particles. The physical and electrochemical properties of the materials were
analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM), cyclic voltammetry (CV)
and charge-discharge test. The novel material showed improved electrochemical properties compared
with the pristine LiMn,Q,, especially at elevated temperature. The initial discharge capacity of the
Li1.05[(Mn1.06Gdo.01)0.01(MN18C00.2)0.09] O4 Was 128.0 mAh g™ with a fading rate of 0.041% per cycle at
25°C. Moreover, the cycle ability was improved more evidently at 55°C, the retentions ratio of
capacity was up to 91% for the novel material after 100 cycles.
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1. INTRODUCTION

Over the past decades, lithium cobalt oxide, with its excellent electrochemical performance, has
become the standard cathode material in commercial lithium-ion batteries. However, the high cost and
toxicity of cobalt may eventually limit the development of lithium-ion batteries market. Therefore, it is
crucial to search the substitutions for it.

Depending on the lower cost of manganese, the spinel LiMn,O, has been realized as the
promising alternative to LiCoO,. It was lower toxicity and more environmentally compatible [1-9].
However, the capacity and cycle ability of LiMn,O, are still desired to be improved, particularly at
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elevated temperatures. Investigations have showed that the LiMn,O, suffered from a rapid capacity
fading, especially at high temperatures, which was attributed to the phase transition from cubic to
tetragonal phase upon 3V cycling or the dissolution of manganese in the electrolyte [10-14]. This
reaction began at the spinel/electrolyte interface and sped up at high temperatures. Many research
groups had attempted to reduce the capacity fading of LiMn,O,4 by surface treatment to avoid Mn
dissolution [15-28]. Metal oxides are effective materials for this purpose such as ZnO, CeO, MgO,
Al,O3. In addition, LiCoO; [29,30], LiCuxMn,—,O4 [31], LiNi;xCoxO; [32], LisTisO12 [33] were also
tried as surface treatment materials of LiMn,0O,to enhance the uniformity of the surface coverage. But
most of the reported improve the cycle ability at the cost of capacity. On the other hand, the demand
for rechargeable batteries with high specific capacity makes it necessary to improve the specific
capacity of LiMn,QO,. It was reported that doping of LiMn,O, lattice with rare-earth elements like La,
Nd in the 16d sites can improve electrical properties of cathode materials greatly and stabilize the
structure of LiMn,O4 [34-40]. It can be deduced that better electrochemical properties could be
achieved if LiMn,O, is modified with both doping and surface treatment.

In this study, the spinel cathode material Lisos[(Mn1.99Gdo01)0.91-(MN18C002)0.00]Os4 Was
synthesized using a two-step solid-state method, which was easy to control. To improve the cycle
ability, the surface of spinel material was treated by the mixed compounds of manganese, cobalt and
lithium. Meanwhile, as previous work from our laboratory [41], rare-earth element of Gd was
introduced into LiMn,O,4 materials for higher capacity. It combined the modifying, doping and two-
step solid-state synthesized method to stabilize the spinel structure of LiMn,Qy4, the cycle ability and
capacity of which were expected to improve under room and high temperature.

2. EXPERIMENTAL

2.1. Materials preparation

The compound Liy os[(Mn1.99Gdo.01)0.901(MnN18C002)0.00]O4 Was prepared by high temperature
solid-state method in air. First, a stoichiometric mixture of Li,CO3 (CR), MnO, (CMD) and Gd,03
(AR) for the nominal composition of Lijs[Mn1.99Gdo01]O4 was ground by ball grinding, then the
mixture were calcined at 800°C for 3h. The obtained Lij 05[Mn1.99Gdp.01]O4 powder was continuously
mixed with the compounds of Li,CO3(CR), MnO, (CMD) and Co304 (AR) (cationic ration of Li: Mn:
Co = 1.05: 1.8: 0.2), targeting for a final composition of Lij o5[Mn1.99Gdo01]O4: Li-Mn-Co-O = 1: 0.1.
Then the mixtures were ground thoroughly. Finally, the object product was got by a second time
calcination: 850°C for 5h and then 600°C for 10h in air atmosphere. Meanwhile, the pristine LiMn;0,,
Li1.05Mny.99Gdo 0104 and Liy 0sMny gC00,04 Were prepared for the purpose of comparison with one-step
solid-state method, which was calcined at 850°C for 8h and 600°C for 10h in air. These spinel powders
were confirmed by X-ray diffraction analysis followed.

To prepare the composite cathodes, the as-synthesized compounds was mixed with the
conductive acetylene black and polytetrafluoroethylene (PTFE) emulsion with a weight ratio of 80: 10:
10, which formed a uniform paste, separately. The electrode sheet was obtained by rolling the paste
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into a 0.10-0.15 mm thick membrane and then pressing onto a nickel foil. At last, the assembly was
dried under a vacuum at 120°C for about 12 h.

The powder microelectrode was prepared by etching the tip of a platinum microdisc electrode
(diameter 30 um) in a hot mixed solution of hydrochloric acid and nitric acid for about 5 min to form a
microcavity [8]. The sample was filled into the microcavity by the gently grinding in the powder on
the surface of flat plate.

2.2. Material characterizations

The crystallinity and phase of the prepared products were performed by powder X-ray
diffraction (XRD) with Cu Ko radiation in a Lab-X6000 X-ray diffractometer. Scanning electron
micrographs were obtained under Quanta 200 scanning electron microscope. The cyclic voltammetry
(CV) was carried out with a microelectrode technique. Coin-type cell (CR 2016) was constructed for
electrochemical characterization. The cell consisted of a cathode, a pure lithium metal as anode and a
reference electrode, which were separated by a porous polypropylene film. The electrolyte was EC-
DMC/1M LiCIlO,. Constant-current charge-discharge tests at room and elevated temperature were used
to measure the electrochemical properties and all tests were conducted in an argon-filled dry box.

3. RESULTS AND DISCUSSION

3.1. Structural analysis and morphology of samples
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Figure 1. The XRD patterns: (a) pristine LiMn,Oa; (b) Li1.0sMn18C00204; (C) Li1.0sMn1.99Gd0 0104 and
(d) Liz.05[(Mn1.99Gdo.01)0.91(MnN18C00.2)0.09]O4
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The preparation jprocess of the Li1,05[(Mnl_gngo,m)o,gl-(Mn1,3COo,2)o,og]O4 material was as
follows: Firstly, the basic conformation of spinel Liyos[Mn1.99Gdo01]O4 is formed via calcinating at
high-temperature (800°C) for a short time. Then the mixed compounds of manganese, cobalt and
lithium can be modified on the surface of Lij gs[Mn1.99Gdo01]O4 particles through grinding. The second
high-temperature (850°C) heat treatment may induce the mixed compounds to complete a solid-state
reaction and the inner structure of spinel Lijs[Mn199Gdo1]O4 to be more integrated. A low-
temperature (600°C) treatment is performed in order to make the surface structure more stable. Since
the reaction takes place from the surface layer, the interface between surface layer and
Li1.05[Mn1.99Gdp.01]O4 particles may react firstly, which will form the transition-layer. And the extent
of reaction will pervade around the interface gradually. The final product
Li1.05[(Mn1.99Gdo 01)0.91(Mn1.8C002)0.00] O2 may be obtained.

The XRD patterns of the as-synthesized materials were presented in Fig. 1. All the samples
were identified as well-defined spinel phases with a space group Fd3m, in which Li* ions occupied the
tetrahedral (8a) sites; Mn**, Mn**, Gd** and Co>" ions resided at the octahedral (16d) sites; and O ions
were located at (32e) sites. The XRD patterns for Lisos[(Mn1.99Gdo.01)0.91(MnN18C002)0.09]O4,
Li1.05Mny.99Gdo 0104 and Liy gsMnygC00204 powders exhibited the same peaks with pristine LiMn,04
without any impurity phases. In addition, the relevant intensities of the (311), (400) and (440) peaks
for Lij o5[(Mn1.99Gdo.01)0.91(Mn1 8C00.2)0.09] O4 Were higher than that of pristine LiMn;O4, which showed
better crystallization.

The lattice constants of the products were summarized in Table 1. From the statistic results, it
could be seen that the novel spinel materials had a larger lattice parameter value (a = 8.23927 A)
comparing with pristine LiMn,0O4. The results illustrated that the novel spinel materials with Li-Mn-
Co-0 modified had been successfully fabricated and possessed better crystallinity. Simultaneously, we
found that lattice parameter value of Li; 0sMn1.99Gdo 0104 Was the largest as speculated due to the ionic
radius increases in the order of Co®", Mn** and Gd**. And Liy.os[(Mn1.66Gdo.01)0.92(Mn1.8C002)0.08]O4
was secondary, which illustrated that Gd** played major role in lattice parameter value.

Table 1. The lattice parameters for compounds

Relative standard

Cathode Materials arari;g:grcea A) d-spac(lggi (111) deviation of a
P ’ (%, n=3)
LiMn,Oq 8.20707 4.73835 2.34
Li1_05Mn1_8C00_204 8.18236 4.71085 3.58
Li1.05Mn1 99Gd0.0104 8.24022 4.75813 3.22

L|105[(M nl_gngoloj_)o.g]_(Mn1.3C00.2)0.09]O4 8.23927 4.75694 2.15
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Fig. 2 displayed the surface morphology of the as-prepared
Li1.05[(Mn1.99Gdo.01)0.91(Mn1.8C00.2)0.00] O4 and pristine LiMn,O,4 powders obtained through the scanning
electron microscopy (SEM). It could be found from the Fig. 2(b), the small particles of about 2 pm
diameter covered on the surface of the main materials. Since the small particles, the smooth surface
presented in pristine LiMn,O,4 was altered for Li1.05[(Mnl_gngo.ol)olgl(Mn1.3000.2)0.09]04 (Flg 28.) It
may be due to the two-step solid-state synthesized method and modifying of Li-Mn-Co-O material and
it was expected to reduce the capacity fading especially at elevated temperature.

0KV 5.00KX 10um KYKY-EM3200  SN:4211 30KV 500KX 10um KYKY-EM3200  SN:4227

Figure 2. SEM images of (a) pristine LiMn204 and (b) Li1_05[(Mnl_gngo_()l)o_gl(Mn1_3C00_2)0_09]O4

3.2. Electrochemical properties

The cyclic voltammograms (CVs) of the Liy os[(MNn1.99Gdo.01)0.91-(MnN1.8C00.2)0.00]O4 and pristine
LiMn,O4 powders were shown in Fig. 3. The studies were carried out at a scan rate of 0.05 mV s *
using microelectrode technique. It could be found that the two CV curves showed similar peak shape
with two couples of redox peaks at around 4.05/3.95 V and 4.18/4.05 V, which were typical for spinel
LiMn,O,4 [34,42]. The redox peaks were split into two couples, indicating that the lithium-ion
intercalation and de-intercalation reactions proceeded in two steps. In addition, as shown in Fig. 3, the
variation of CV peaks for Liy os[(Mn1.99Gdo.01)0.91(MN18C002)0.09]O4 Was slighter than that for pristine
LiMn,O,  after 10 cycles, which indicated that  the cycle ability  of
Li1.05[(Mn1.99Gdo.01)0.91(Mn18C002)0.00]O4 Was improved largely, which is an important issue to
development large-scale batteries.
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Figure 3. The CVs in 3.75-4.35V range at 25 °C with a rate of 0.05 mV s
Li1.05[(|\/|nllgngoloj_)o.g]_(Mn1.3000.2)0.09]04; (b) pristine LiMn,0Oy4
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Figure 4. The charge—discharge curves in the voltage of 3.3-43V at 25°C: (a)
Li1.05[(|\/|nllgngo_oj_)o_g]_(Mn1.3C00.2)0_09]O4; (b) pristine Liano4

In order to investigate the electrochemical behavior of as-received novel materials. The charge—
discharge curves of Liygs[(Mn1.99Gdo.01)0.91(Mn18C00.2)0.00]O4 and pristine LiMn,O,4 material, between
3.3 and 4.3V at 25°C were illustrated in Fig. 4. They both showed two same plateaus distinctly, which
were the characteristic voltage profile of a spinel LiMn,O,. It could be seen that the coated material
exhibited much better capacity retention than the pristine LiMn,0O4. The discharge capacity for the
Li1.05[(|\/|nllgngol()l)o.gl(Mn1.8000.2)0.09]04 was 128.0, 126.9 and 122.7 mAh/g at the 1st, 10th and 100th
cycles, respectively; the fading rate of capacity was 0.041% per cycle.
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Figure 5. The cycling performance of Liy o5[(Mn1.99Gd0.01)0.91(MN1.8C002)0.09]O4, Li105MnN1.99Gd0 0104,
Li1.0sMn; §C00 204 and pristine LiMn,O,4 with a constant current density of 0.5C: (a) 25°C; (b)
55°C

For the pristine LiMn,O4 material, the relevant discharge capacity was 123.2, 118.0 and 99.3
mAh/g at the 1st, 10th and 100th cycles, respectively; the capacity fading rate was about 0.194% per
cycle. These improvements on cycle stability might be attributed to the two-step solid-state
synthesized method and modified by Li-Mn-Co-O material, avoiding the dissolution of Mn®*. The
results were similar to the references [25, 43, 44].

The cycling performance of lithium-ion battery with different cathode materials at 25°C and
55°C was illustrated as Fig. 5. The Figures showed the variation of discharge capacity of materials as a
function of cycle number of the cell. These cells cycled with a constant current density of 0.5C
between 3.3 and 4.3 V. At room temperature (Fig. 5a), the capacity fading after 100 cycles was about
20% for the pristine LiMn,O4, while only 4% for the novel spinel material
Li1.05[(Mn1.99Gd0.01)0.91(MnN1.8C00.2)0.09] Oa.

In the spinel phase, lithium insertion/extraction from/into 8a sites of the tetrahedral occurs at 4
V; correlating with the Mn*/Mn** oxidation/reduction process. However, the amount of
inserted/extracted lithium decreases gradually with cycling. In order to prevent it, LiMn,O,4 has been
doped by partial substitution for Mn* by several cations such as Li, Fe, Ti, Ge, Co, Cr, Ni, and Zn [45].
Hua [46] reported that a high content of Li can lead to low capacity and excellent rechargeability.
Furthermore, others reported that doping of LiMn,O, lattice with rare-earth elements like La, Nd in the
16d sites can improve electrical properties of cathode materials greatly [37,38]. It also can be
illustrated from Fig.5 (a) in our work, compared with pristine LiMn,Qy, the first discharge capacity of
Liz05Mn18C00204 was not higher, but the novel spinel material



Int. J. Electrochem. Sci., Vol. 13, 2018 2363

Li1.05[(Mn1.99Gdo 01)0.91(Mn18C002)0.09]O4 showed higher special capacity, owing to the doping of Gd
element. So we think that substitution effect of Gd could cause the increase of first discharge capacity.

As an evident characterization for spinel material, the capacity losing was more serious at
55°C for pristine LiMn,O, (Fig. 5b), the capacity retention ratio of which was only 58% over 100
cycles. However, the capacity retentions ratio of novel spinel material was as high as 91%, which was
also better than the just doped material Li; osMn;g9Gdgp104. It suggested that the cycle stability was
greatly improved for spinel material after modifying, doping and two-step solid-state synthesized
method, especially at high temperature.

Moreover, Table 2 shows the comparison of electrochemical performances with previous
literatures about modified cathode materials. As can be seen from it, surface treatment with metal
oxides [16,20] and doping of LiMn,0O, lattice with rare-earth elements [47-49] were efficient ways to
improve the cycling stability and discharge capacities. The initial discharge capacity of LiNigsMn; 504
[47] was the highest, whereas the capacity faded rapidly without surface modified. The capacity
retentions ratio of the LiCoO,-coated LiMn,0O, [50] was excellent, but the initial discharge capacity of
which was less than 110 mAh/g. The novel material prepared through both doping and surface
treatment in this work showed the best cycling stability under room and high temperature. Meanwhile,
synthesizing by two-step solid-state method for the novel material was easy to control, whereas other
methods reported as Table 2 were complex or hard to reproduce.

Table 2. The comparison of electrochemical performances for different spinel cathode materials

25°C 55-60 °C
The initial The The initial The .
Cathode materials discharge capacity discharge  capacity Rate  Voltage Synthesis Ref.
o ) - - ©) V) method
capacities fading per  capacity fading
(mAh/g) cycle (%) (mAh/g)  percycle
Rheolegical
ZnO-modified LiMn,O, / / 121 0.05 1.0 3.0-44  phase reaction [16]
method
Solid-state
e . reaction
2%CeO,-modified LiMn,0, 101 0.10 117 0.45 05 3.04.0 . [20]
following a
Pechini method
Rapid
- hydrothermal
LiNigsMn; 5O, 131.1 0.148 / / 05 3.049 and post- [47]
calcination
. . 3.2- Spray-dryin
LiMn, 66Ni 040 84 0.08 / / 05 % D o [48]
Li; oC0q1Nig1Mn; g0, 118 0.19 / / 0.3 3.3-43 Sol-gel method [49]
5% LiC0O,-coated LiMn,0, <110 0.05 113 015 05 3344 M'Crg’rfc’zgs's'on [50]
Two-step solid-
pristine LiMn,0, 123.2 0.239 127.0 042 05 3343 state This work
synthesized
method
Two-step solid-
Liz 05[(Mn1 6eGo or)o.a- 128.0 0.041 130.7 009 05 3343 state This work

(Mn§C00.2)0.05]04

synthesized
method
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4. CONCLUSIONS

Novel Spinel cathode material Li1,05[(Mn1,9ngo,01)o,91(Mn1,8C00,2)0,09]O4 for Li-ion battery was
synthesized by a simply two-step solid-state method. XRD data showed that the as-synthesized
material exhibited the same peaks as pristine LiMn,O4 without any impurity phases. From the SEM,
the smaller particles could be seen on the surface of novel materials that different from the smooth
surface presented in pristine LiMn,O,. Moreover, the novel material exhibited improved
electrochemical properties especially at elevated temperature. At room temperature, the capacity
fading of the material Lij gs[(Mn1.99Gdo01)0.91(MnN18C00.2)0.09]O04 Was 0.041% per cycle. Furthermore,
the capacity retentions ratio of the novel material was greatly improved compared with the pristine
LiMn,04at 55°C, which could be up to 91% after 100 cycles. These improvements were attributed to
the existence of the combined effects of modifying, doping and two-step solid-state synthesized
method, which prevented the dissolution of Mn and stabilized the spinel structure.
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