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Abstract Spinel powders of LiMn,_RE, O4 (RE = La, Ce,
Nd, Sm; 0<x<0.1) have been synthesized by solid-phase
reaction. The structure and electrochemical properties of
these electrode materials were characterized by X-ray
diffraction (XRD), cyclic voltammetry (CV), electrochem-
ical impedance spectroscopy (EIS) and charge—discharge
experiment. The part substitution of rare-earth element RE
for Mn in LiMn,O,4 decreases the lattice parameter,
resulting in the improvement of structural stability, and
decreases the charge transfer resistance during the electro-
chemical process of LiMn,Oy4. As a result, the cycle ability,
55 °C high-temperature and high-rate performances of
LiMn,_RE, O, electrode materials are significantly im-
proved with increasing RE addition, compared to the
pristine LiMn,Oy.
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Introduction

By virtue of its higher energy density and free memory
effect, lithium-ion battery (LIB) had become the best choice
for electric vehicles (EV) and plug-in hybrid electric
vehicles (PHEV) [1-3]. LiMn,0,4 cathode material attracted
great attention because it has rich and cheap starting
materials, and because it is safe to use, environmentally
friendly and has good rate capacity. But in the process of
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charging and discharging, the capacity of pure lithium
manganese oxide will decay due to several factors such as
Jahn—Teller distortion occurring on the surface of the
particles and manganese dissolution into the electrolyte,
especially at elevated temperatures. To overcome these
drawbacks, two strategies were mainly pursued: elements
substitution or oxygen excess to increase the oxidation state
of Mn for suppressing the Jahn—Teller effect and surface
modification or coating for suppressing the dissolution of
manganese into the electrolyte [4—16]. The substitutions of
rare earth elements for partial Mn in LiMn,Oy are attracting
the attention of some researchers. Numerous studies have
been conducted on heavy rare earth (Er, Sc, Y, etc.) doped
LiMn,O4 [17-19]. Because heavy rare earth is expensive,
light rare earth has drawn more attention recently. Arumu-
gam and Kalaignan [20] studied the cycling performance of
La-doped lithium manganese materials using the sol-gel
method, and found that LiLayosMn; 9sO, has the best
electrochemical performance. It delivers an initial discharge
capacity of 125 mA hg ' at 0.5C and a capacity retention of
89.6% after 50 cycles. Nd doped LiMn,O4 by chemical
precipitation and calcination was researched by Singhal and
Das [21], who reported that LiNdgo;Mn; 9O, has the
highest discharge capacity (149 mA hgfl) and has a
capacity retention of about 91% after 25 cycles. Balaji
and Mutharasu [22] synthesized LiSm,Mn,_ O, by co-
precipitation and microwave calcination. The cycle life
study reveals a 93% capacity retention of LiSmg sMn; 9504
samples in comparison with 78.4% of LiMn,0,. To further
clarify the influence of different light rare earth
elements on the electrochemical properties of LiMn,0,,
LiMn,_,RE,O4 (RE = La, Ce, Nd, Sm; 0<x<0.1), cathode
materials were synthesized by conventional solid-phase
methods, and their electrochemical performance was
investigated in this study.
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Experimental

LiMn,O,4 sample was synthesized by solid-state reaction. A
stoichiometric mixture of lithium carbonate (Li,COs) and
electrolytic manganese dioxide (EMD) was thoroughly
mixed by high energy ball mill and calcined at 450 °C for
5 h, and then sintered at 750 °C for 13 h in air, followed by
slow cooling to ambient temperature. LiMn,_ . RE.O,4 (RE =
La, Ce, Nd, Sm; 0<x<0.1) samples were prepared using the
same route with a starting molar ratio of Li/RE/Mn=1:x:2—x,
where RE oxides were adopted.

The crystal structure and lattice parameter of the
powders were determined by X-ray diffraction (XRD)
using Cu K« radiation in the range of 20=15-80° and the
step size was 0.04°. To measure the electrochemical
properties of LiMn,0, and LiMn,_,RE, O, (RE = La, Ce,
Nd, Sm; 0<x<0.1), we used electrochemical cells that
consisted of a LiMn,_RE.O4 as positive electrode, Li
metal as the negative electrode, electrolyte of 1 M LiPFg4 in
a l:1(volume ratio) mixture of ethylene carbonate (EC) and
dim ethyl carbonate (DMC), and Celgard 2400 membrane
as the separator between cathode and anode. The cathode
was a mixture of 85 wt.% LiMn,_,RE,O,4 active material,
8 wt.% acetylene black and 7 wt.% polyvinylidene fluoride
(PVDF) dissolved in 1-methyl-2-pyrolidinone (NMP),
which was spread on 14-mm-diameter aluminium foil and

heated to 120 °C for 12 h in vacuum. The cells were
assembled in argon-filled glove box. The CC—CV cycling
was performed between 3.0 and 4.3 V with 0.5C rate on the
Land CT2001A made in China. The cyclic voltammetric
(CV) experiments between 3.2 and 4.5 V and electrochem-
ical impedance spectroscopy (EIS) were carried out on
Parstat 2273 (USA). After the cells were at the half-
discharge state, the impedance spectra were recorded
potentiostatically by applying an AC voltage of 5 mV
amplitude over the frequency range 10° to 0.05 Hz.

Results and discussion

The powder XRD patterns of LiMn,_RE,O4 (RE = La, Ce,
Nd, Sm; 0<x<0.1) are shown in Fig. 1. The diffraction
pattern of LiMn,0y is in good agreement with that obtained
from JCPDS file No.35-0782, which corresponds to the
cubic spinel structure of Fd3m space group with the cell
parameter of 8.248(4) A. All doped samples possess the
same cubic spinel structure in which Li" ions occupy the 8a
tetrahedral sites, Mn®>"*"/RE*"*" ions occupy the 16d
octahedral sites, and the O°" ions occupy the 32e sites
[23]. With the RE addition of x=0.1, the second phase of
RE oxide appears, i.e., LayO3 for LiMn; gLag ;O4, CeO, for
LiMn1.9C60V104, Nd203 for LiMl’l]_gNdo']O4 and Sm203 for

Fig. 1 Powder XRD patterns of
LiMn, .RE,O; (RE = La (a), (@)
Ce (b), Nd (¢) or Sm (d);
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Table 1 Cell parameters of LiMn,_,RE O, (RE = La, Ce, Nd, Sm; 0<x<0.1)

RE  a(A) V(A

x=0 x=0.01 x=0.03 x=0.05 x=0.1 x=0 x=0.01 x=0.03 x=0.05 x=0.1

La 8.247(1) 8.245(2) 8.243(1) 8.239(2) 8.224(7) 560.923(6) 560.536(0) 560.107(9) 559.313(3) 556.365(5)
Ce 8.243(4) 8.238(2) 8.231(4) 8.224(4) 560.169(1) 559.109(7) 557.726(3) 556.304(6)
Nd 8.241(7) 8.234(4) 8.225(5) 8.218(5) 559.822(6) 558.336(3) 556.527(9) 555.108(2)
Sm 8.241(5) 8.230(3) 8.223(7) 8.217(2) 559.781(8) 557.502(7) 556.162(6) 554.844(9)

LiMn; ¢Smg ;O4. Their chemical rate were obtained from
the Rietveld crystal structure program, and the impurities
concentration are 2.3 wt.%, 1.8 wt.%, 2.5 wt.%, 2.7 wt.%
for La,03, CeO,, Nd,O5 and Sm,0;, respectively.

The lattice parameters of LiMn,_,RE,O, are given in
Table 1. It can be seen from Table 1 that the cell constant
decreases with the increase in RE doping content. This
effect may have resulted from the following factors.
Although the ionic radii of RE is larger than that of Mn-
ionic, which will lead to a slight increase of the lattice
parameter, the bond energies of RE-O, namely, La**—0*"
(799 kJ mol™"), Ce*—0*" (795 kJ mol '), Nd**—0*"
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(703 kJ mol™") and Sm>*~0*" (619 kJ mol™"), are much
stronger than that of Mn*"—0?", which is only 402 kJ mol ™"
[24], leading to the decrease of the lattice parameter. Similar
results were also observed in La-doping [25], Ce-doping
[26], Nd-doping [27] and Sm-doping [22] LiMn,Oy.

Figure 2 shows the first charge—discharge curves and
cycle performance of LiMn,_,RE, O, measured at 0.5C
rate, and the results are summarized in Table 2. The two
distinctive charge—discharge plateaus have been observed
for all samples as shown in the inset of Fig. 2. The similar
charge—discharge curves imply that rare earth-doped
material does not change the electrochemical reaction
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Fig. 2 The first charge—discharge and cycle curves of LiMn,_,RE, O, (RE = La (a), Ce (b), Nd (¢) or Sm (d); 0<x<0.1)
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Table 2 Electrochemical performance of LiMn, RE, O, (RE = La, Ce, Nd, Sm; 0<x<0.1)

Materials RT 55 °C
Co (mA hg™") S1o0 (%) HRD,c (%) HRDsc (%) Co (mA hg™") Sso (%)
LiMn,04 119.3 77.8 78.5 454 127.4 75.3
LiMn,_,La,O4 x=0.01 117.9 85.2 70.1 60.8 125.7 79.9
x=0.03 115.6 89.7 86.1 69.6 119.7 82.1
x=0.05 113.2 91.6 89.4 76.1 117.0 84.1
x=0.10 100.0 96.9 88.3 73.7 101.4 94.5
LiMn,_,Ce,O4 x=0.01 117.8 84.9 73.3 62.9 118.2 83.2
x=0.03 114.5 88.8 82.9 70.3 115.8 85.9
x=0.05 109.4 88.9 90.4 77.0 105.1 86.5
x=0.10 99.1 93.2 91.8 57.3 101.2 92.3
LiMn,_,Nd,O, x=0.01 118.1 82.8 77.1 60.7 124.7 79.8
x=0.03 114.0 87.3 86.1 69.7 115.0 86.1
x=0.05 110.1 92.8 90.2 76.7 109.3 89.7
x=0.10 99.4 95.8 88.3 73.2 101.3 91.2
LiMn,_,Sm,O4 x=0.01 117.9 83.5 86.5 60.2 124.4 83.7
x=0.03 113.0 85.2 88.3 62.7 119.3 86.6
x=0.05 109.9 92.0 84.5 74.6 112.4 88.7
x=0.10 99.8 93.8 86.4 73.6 102.1 92.2

RT room temperature, Cy initial discharge capacity, S,y capacity retention after 100 cycles, Ss, capacity retention after 50 cycles, HRD,c high-rate
dischargeability at the ratio of 2C discharge capacity vs. 0.2C discharge capacity, HRDsc high-rate dischargeability at the ratio of 5C discharge

capacity vs. 0.2C discharge capacity

mechanism of LiMn,O,. Different RE elements have a
similar influence on the discharge and cycle stability of
LiMn,Oy4. It can be seen in Table 2 that the initial
discharge capacity of LiMn,O, is about 120 mA hg ',
which decreases slowly and linearly with x in LiMn,_,RE Oy,
increasing from 0.01 to 0.1, 118 mA hg ' for x=0.01,
114 mA hg™' for x=0.03, 110 mA hg™' for x=0.05 and
100 mA hg ' for x=0.1 on average. This influencing law
can be expressed by Eq. 1, in which x represents x in
LiMn,_,RE,O,.

C0/0.5C =120 — 200x (1)

However, it is clear from Fig. 2 that the cycle performance
of LiMn,0, electrode materials has an obvious improvement
with the increasing concentration of RE. After 100 cycles,
the capacity retention of LiMn,0, is only 77.8%, while the
capacity retention is 85.2% for LiLag o;Mn; 9904, 89.7% for
LiLag g3Mn; 9704, 91.6% for LiLagyysMn; 95O, and 96.9%
for LiLay ;Mn; 99O4. Similar results have also been found in
Ce-, Nd- or Sm-doped LiMn,0,4 materials, and their highest
capacity retentions are 93.2% for LiCeyMn; 9904, 95.8%
for LiNdo_an1_9004 and 93.8% for LiSmo_an1_9004,
respectively. The bonding energy between RE*"*" and 0?~
is higher than that of Mn*'—0%", which improves the
structural stability and enhances the cycle stability.

@ Springer

CV curves for the first cycle and 100th cycle at room
temperature of LiMn,_,RE O, are shown in Fig. 3. The
curves of all samples are very similar, where the two pairs
of the redox peaks coincide with the charge—discharge
curves, presenting a typical electrochemical characteristic
attributed to the two-step reversible intercalation and
deintercalation processes of lithium ions in the 8a tetrahe-
dral sites of spinel LiMn,O, [28]. In the spinel LiMn,Oy,
the oxygen ions form a cubic closely packed array, and
tetrahedral sites (8a) share a face with vacant octahedral
sites (16¢), so that they form three-dimensional vacant
channels that allow Li ions to intercalate and deintercalate
during the cathodic and anodic processes. In the oxidation
process, the first peak is ascribed to the removal of Li ions
from half of the tetrahedral sites in which Li—Li interactions
exist, whereas the second peak is attributed to the removal
of Li ions from the residual tetrahedral sites where Li ions
do not have Li—Li interactions [29]. In the first cycle, two
redox peaks were well separated as shown in Fig. 3a, and
after the 100th cycle both anodic and cathode peaks were
very close to each other with smaller intensity of peaks
current compared to the first cycle, which is ascribed to
possible Jahn-Teller distortion. It also can be found in
Fig. 3a—f that the peak currents of the spinel oxide without
doping decrease more quickly than those of the spinel
oxides with RE doping after 100 cycles. It is apparent that
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Fig. 3 Cyclic voltammograms (a) (b)
of (a) LiMl’l204, (b) LiMn1_97_ 0.003} LiMn.O .
Lag.0304, (¢) LiMn; gLag 104, 0.002 24 0.002¢ LIMn1«97La0~03O4
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the cyclic stability of spinel lithium manganese oxide can
be improved by doping of RE, which is a result of the
improvement in structural stability and electrochemical
performances. But compared to those without doping
(Fig. 3a), high doping (Fig. 3b—f) will result in low
intensity peaks current which leads to the decrease in area
covered between oxidation and reduction peaks. Since the
area is considered as the electrochemical active surface
area, high doping will result in the reduction of initial
discharge capacity, which is in accordance with the result
shown in Fig. 2.

Figure 4 shows the comparison of the discharge capacities
between undoping electrodes materials and electrodes materi-
als with different contents of various RE at 55 °C. It can be
seen in Fig. 4 that the lithium battery with doped electrode as
the cathode active material has better rechargeability and
cycleability than LiMn,O, electrode, and all electrodes
exhibited higher initial discharge capacity at 55 °C than that
at room temperature. It can be seen from Fig. 4a that after
cycling 50 times, the capacity retention is 75% for LiMn,O,,
79.9% for LiMnl_ggLaO.()lOzt, 82.11% for LiMn1‘97LaO_03O4,

Voltage/ V vs LilLi*

84.1% for LiMn, 9sL.ag o504 and 94.5% for LiMn, goLag ;O4.
Similar results can be observed in LiMn,_ .RE, O, (RE = Ce,
Sm, Nd) from Fig. 4b,c,d.

From the above analysis, it can be concluded that doping
can obviously improve the electrochemical performance of
the spinel-structure LiMn,Oy4. The result can be attributed
to the following two factors. On one hand, rare earth doping
decreases the lattice parameter, resulting in a more stable
structure and the improvement of cycling performance. On
the other hand, rare earth doping plays an important role in
inhibiting the Jahn—Teller effect. Firstly, the rare earth ions
have no Jahn-Teller effect. Moreover, the addition of rare
earth ions changes manganese valence, leading to the
redistribution of electron and a more symmetrical electron
cloud on the d layer. The Jahn-Teller effect is thus
effectively inhibited.

Figure 5 presents the discharge capacity of (a)
LiMn,_,La,O4, (b) LiMn,_,Ce,Oy4, (¢c) LiMn,_Nd,O4
and (d) LiMn,_,Sm,O, at different rates. It can be seen
from Fig. 5 that the pristine LiMn,O4 can retain more
than 85% of its initial discharge capacity at the discharge
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Fig. 4 Cycling performance of Bog O x=0
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has an obvious improvement with the increasing con-
centration of RE in all panels of Fig. 5 (a, b, ¢, d, 0<x<
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Fig. 5 Rate capacity of LiMn,_RE.O4 (RE = La (a), Ce (b), Nd (¢) or Sm (d); 0<x<0.1)
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discharge capacity from 0.2 to 1C when x=0.05. At high
discharge rate of 5C, LiMn, ¢5Lag 0504, LiMnj o5.
Ceo_0504, LiMnligsNd0A05O4 and LiMn1.958m0.05O4 can
still respectively retain 77%, 76%, 75% and 77% of their 0.2C
initial discharge capacity, which are much higher than that of
LiMn,O,. Discharge ability slightly decreased at 5C dis-
charge rate with the doped concentration increasing to 0.1
compared to that when x=0.05. This may be ascribed to the
second phase. The doping of RE may be the reason for
excellent high rate performance of LiMn; 9sRE( 0sO4 (RE =
La, Ce, Nd, Sm), because of better electronic conductivity.
To further understand the improvement of the high rate
discharge capability of the materials, electrochemical
impedance spectra (EIS) were carried out in the half-
discharged state after two cycles. The Nyquist plots of
LiMn,0O4 and LiMn, 9sRE (504 are presented in Fig. 6. It
can be seen that all plots consist of both a semicircle in the
high middle frequency and a straight sloping line in the low
frequency. The semicircle at high frequency is
corresponding to a charge transfer step (R.), which may
be ascribed to the charge transfer of lithium ion on the
surface of spinel oxide because there are no other electrode
reactions taking place during lithium insertion and removal
in the oxide, and the electrode reaction process is mainly
controlled by charge-transfer process [30]. The straight line
at the low frequency is Warburg impedance (W,), which is
caused by the solid-phase diffusion in the electrode
materials. The electrochemical parameters for all samples
were obtained from equivalent circuit (Fig. 7) fitting of
experimental data. In the equivalent circuit, Ry represents
the solution resistance, Cy, is the double layer capacitance,
R is the resistance of charge transfer and W, is Warburg
impendence. The charge-transfer resistance (R in Fig. 6

Fig. 6 Electrochemical imped- 500

Fig. 7 The equivalent circuit diagram describing the kinetic process
of lithium in spinel lithium manganese oxide

decreases with the RE doping, 97 ) for LiMn,Oy,, but 52,
67, 62 and 58 ) for LiMn1.95L30'05O4, LiMn1'95Ce0'05O4,
LiMn; 95sNdg 0504 and LiMn; 9sSmg o504, respectively,
which indicates that RE-doping could reduce the charge
transfer resistance during the electrochemical process and
improve high rate capability.

Conclusions

LiMn,0O,4 and LiMn,_,REO4 (RE = La, Ce, Nd, Sm; 0<x<
0.1) are synthesized by solid-state reaction. XRD results
showed that partial substitution of RE*" for Mn in LiMn,O,4
decreased the lattice parameter and improved the structural
stability of LiMn,O,4. Cyclic voltammograms and EIS
analyses indicated that the charge—discharge polarization
and charge transfer resistance were reduced after RE-
doping, indicating enhanced kinetics performance of
LiMn,O, electrode. The cycle ability, high-temperature
and high-rate performances of RE-doped LiMn,O, elec-
trode were significantly improved with increasing addition
of RE*". The capacity retention of LiMn; gREq ;0,4 (RE =
La, Ce, Nd, Sm, respectively) is 97%, 93%, 95% and 94%
after 100th cycle at room temperature and 95%, 93%, 91%

ance spectra (EIS) of LiMn,Oy4
and LiMH|.95RE0.0504 (RE =
La, Ce, Nd or Sm)
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and 92% after the 50th cycle at 55 °C. At a rate of 5C, 77%,
76%, 75% and 77% of the discharge capacity at 0.2C was
maintained for LiMn; 9sRE( 0504 (RE = La, Ce, Nd, Sm,
respectively), which are much higher than the 45% rate for
LiMn,0O4. In a word, LiMn,O, doping with RE showed
excellent electrochemical performance as cathode material
in Li-ion batteries.
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