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Pristine Lii0sMn2O4 and its trivalent metal-substituted spinels of Li;.osMxMnaxOs (M = Co** and/or
Cr**, x = 0.1 or 0.2) were synthesized by a simple citric acid-assisted sol-gel method. These trivalent
metal ions can enter Lij.0sMn204 crystal lattice and exert an influence on the crystal structure. Charge-
discharge tests reveal that, in comparison with pristine Lii.0sMn>O4, the cobalt- and/or chromium-
doped spinels have relatively high capacity retentions over 100 cycles at a rate of 1 C. Taking co-doped
Li1.05C00.1Cr0.1Mn1 804 as an example, it can maintain 93.2% of initial capacity after 100 charge-
discharge cycles at 1 C at 55°C and can reach 80% capacity retention over 1000 cycles at a high rate of
5 C. Anyway, the enhanced cycle life of doped spinels can be attributed to the inhibitory effect of
element doping on the Jahn-Teller distortion and manganese dissolution of pristine structures.

Keywords: Lithium manganese oxide; Li-ion battery; Trivalent metal ion; Element doping;
Cyclability.

1. INTRODUCTION

Recently, Li-ion secondary batteries have been recognized as the most promising power source
for their potential application in electric automobile (EV) and hybrid electric automobile (HEV) if
high-rate cycling stability has been dramatically improved and the safety problem has been solved [1-
3]. Insofar as the commonly used cathode material LiCoO> is concerned, it should not satisfy these
demands owing to its high cost, serious environment pollution and safety issues. By comparison, the
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alternative lithium manganese oxide spinel (LiMn20a4) deserves to be investigated because of abundant
Mn source, relatively environmental friendly and better safety [4-6]. As for the cathode material
LiMn,04 during a charge-discharge process, the Jahn-Teller distortion of Mn** and the Mn dissolution
into electrolyte should play an important role in shorting the cycle life especially at an elevated
temperature [7-8]. Nowadays, surface coating and element doping have been successfully used to
improve the cycling stability of LiMn2O4 [9-11]. As shown in literature reports, metal cations of Co%*,
Cr¥*, Zn?, Ti**, Fe¥, Ni?*, Gd®", Sm®", Ce*, Zr**, Er**, Mg?" and AI** had been used for the partial
substitution of Mn-ions in LiMn,Og4 lattice structures, aiming at reducing the Mn3* content in LiMn2O4
therein [12-24]. Considering the chemical valence of substituted elements, Co®", Cr¥* and AI** may be
the most suitable ones due to their moderate ions radii and relatively high M-O bond energies. For
example, commercial LiMn,O4 had an initial discharge capacity of 108.7 mAh g at 0.2 C, which is
not suitable for a long-term charge-discharge cycle. Interestingly, the modification of commercial
LiMn204 using the co-doping of Co and Li (i.e., Lii.osCo0.1Mn1.8504) could hold 86% of initial capacity
after 1000 charge-discharge cycles at 200 mA g [12]. Similarly, the Al-doped LiMn2O4 prepared
through a polymer-pyrolysis route had capacity retention of 99.5% at 55°C after 50 charge-discharge
cycles [24].

Aside from the surface coating and element doping, the crystallinity, morphology, particle size
and size distribution can also exert a great influence on the cycling performance of spinel materials.
The high crystallinity of spinel LiMn2O4 and element-doped ones means the stable framework of
octahedron structure, which can probably decrease structure distortion, Mn dissolution and the
transformation of spinel LiMn2Os to rock salt phase Li2MnOs during charge-discharge processes [25].
Also, spinel LiMn2O4 and element-doped ones with a nanosized dimension can provide a relatively
short pathway for the diffusion of lithium 1ons [2,26-28]. In this paper, a simple citric acid-assisted sol-
gel method was used to prepare pristine Lii 0sMn2O4 and element-doped Lii 0sMxMnyxO4 (M = Co’>*
and/or Cr**, x = 0.1 or 0.2). The structural and electrochemical properties of pristine Li; osMn2O4 and
M-doped Lii.osMxMn2xOs were investigated, concluding the enhanced electrochemical stability of
pristine Li1.0sMn204 through the doping of trivalent metal ions.

2. EXPERIMENTAL SECTIONS

2.1 Synthesis of materials

Li; 0sMxMn2-xO4 (M = Co>" and/or Cr**; x = 0.1 or 0.2) were prepared by a simple sol-gel route
using citric acid a chelating agent. Typically, lithium acetate dehydrate (CH3COOLi-2H20),
manganese acetate tetrahydrate (CH3COO),Mn-4H>0) and the dopants of cobalt acetate tetrahydrate
((CH3CO0)2Co0-4H20) and/or chromium nitrate nonahydrate (Cr(NO3)3-9H>O) were mixed together
and dissolved into deionized water at a Li : (M+Mn) stoichiometric ratio of 1.05 : 2.00. Then, a certain
amount of citric acid was added to reach a metal-ion : citric acid molar ratio of 9 : 4. And then,
ammonia (NH3-H2O (25 ~ 28 wt%)) was dropwise used to adjust the solution pH at a value of 8.0 ~
9.0. Thereafter, the as-prepared solution was heated to 80°C for the partial evaporation of water, and
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the resulting viscous sol was dried at 140°C for several hours to get a clear gel. Finally, the obtained
gel was calcined at 750°C for 6 h to produce the pristine spinel lithium manganese oxide (defined as
Li1.0sMn204 according to the stoichiometric ratio) and its element-doped Lii.osMxMn2<O4. In order to
investigate the influence of doped elements on the cycling stability of pristine spinel, Lii.osMn2O4 was
also synthesized via the same sol-gel procedure as this described above.

2.2 Material characterization

The Au-coated samples of LijosMxMn2xO4 were observed by JEOL JSM-7600F scanning
electron microscope (SEM) with a field emission source and operated at an accelerate voltage of 15
KV. X-Ray diffraction patterns were carried out on a Rigaku D/max-2400 powder X-ray
diffractormeter with Cu Ko radiation (40 KV, 40 mA). The 26 range from 10 to 80° and scanning
speed of 0.08° step per second were selected to analyze the effect of doped elements on crystal
structures.

2.3 Electrochemical measurement

The obtained Lij.0sMxMn2«O4 was sufficiently mixed with acetylene black and polyvinylidene
fluoride (PVDF) in a weight ratio of 8:1:1. Then, a rational amount of N-methyl pyrrolidone (NMP)
was added into the mixture, and the resulting black slurry was pasted on aluminum foils, dried at
100°C for about 10 h and then cut into circular discs (12 mm in diameter, 3-4 mg active material in
weight). These disc-like pieces were dried under vacuum at 100°C for at least 5 h, which were used
working electrodes in 2032 coin cells. Lithium and aluminum foil were used as the counter electrodes
and current collectors, respectively. Glass fibers (Whatman) were used as a separator, and the
electrolyte was the commercial LBC 305-01 LiPFs solution (Shenzhen Xinzhoubang). The Li-ion
battery cells were assembled in an argon-filled glove box. A galvanostatic cycling test of assembled
coin-type cell was conducted on a LAND CT2001A system (Wuhan Landian) at different current
densities and in the voltage range of 3.0-4.3 V (vs. Li'/Li). Each sample is assembled three parallel
coin cell for testing to ensure the accurate of results.

3. RESULTS AND DISCUSSION

At first, XRD characterization was used to determine the crystallographic structure and
preferred orientation in the synthesized solid samples. For the XRD patterns of undoped and doped
spinels (Fig. 1), all the diffraction peaks can be assigned and indexed using the standard data of
pristine LiMn2O4 (JCPDS 35-0782). That is, the crystal phases of lithium-rich Lij osMxMn2xO4 (M =
Co*" and/or Cr**; x = 0.1 or 0.2) spinels belong to a single-issue, and no crystalline impurities can be
detected. The inset in Fig. 1 is the magnified XRD diffraction peaks of (400) crystal plane, showing its
peak shift with the effective doping of Co®*" and/or Cr3* ions. Therefore, the doped trivalent metal ions
come into the unit cell and lead to the crystal shrinkage of pristine Li1.0sMn2O4 frameworks [29].
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Figure 1. XRD patterns of Lij 0sMxMn2«xO4: (a) x =0, (b) M =Cr, x =0.1, (¢c) M =Co,x =0.1, (d) M
=Cr,x=0.2,(¢) M =Co,x=0.2, (g M =Co + Cr, x =0.2. Inset is the magnified (400)
diffraction peaks around the 20 position of 44.1°.
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Figure 2. SEM images of Li10sMn204 (a), Liz.05C00.1Mn1.904 (b), Li1.0sC00.1 Cro.1Mn1804 (C) samples,
and energy dispersive spectrum analysis of a Li105C00.1Cro1Mn1gOs particle shows the
Mn/Co/Cr atomic ratio of about 18/1/1 (d).

Fig. 2a—d are the SEM pictures of Li10sMn204, Li105C00.1Mn1.904 and Li1.05C00.1Cro.1Mn1804,
showing clear edges and corners of nanoparticles with a polydisperse size distribution of 100 ~ 400 nm.
In general, nanofabricated spinels should provide a relatively short pathway for the extraction and
insertion of lithium ions but means the relatively high possibility for Mn dissolution during charge-
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discharge processes. The primary motivation of sol-gel syntheses deals with the precise control of
chemical composition for small quantities of dopants and the nanofabrication of spinel materials [30,
31]. Herein, it should be pointed out that the agglomeration of nanoparticles is due to the sintering
behavior of nanosized materials during thermal treatment of gel-like precursors (Fig.2a-c). The energy
dispersive spectrum of Li1.0sC00.1Cro.1Mn1.804 presents that the atomic ratio of Cr/Co/Mn is closed to
the corresponding raw materials ratio of 1.0/1.0/1.8 (Fig. 2d).
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Figure 3. The typical 2™ cycle charge-discharge curves of Lii.osMn2Ox (a), Li1.0sCoo.1Mn; 904 (b), and
Li1.05C00.1Cro.1Mn1 804 (c) electrodes.
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Figure 4. The plots of Lii.osMxMn2xO4 discharge capacity against cycle numbers at a rate of 1 C at
room temperature: (a), x = 0.0 or 0.1; (b), x =0.2.

Typically, the galvanostatic cycling results of pristine Lii.osMn20s4, single-doped
Li1.0sMo0.1Mn1.904 and the co-doped Li1.05C00.1Cro1Mn18O4 spinels, operated within the voltage range
of 3.0-4.3Vat1C (i.e., 148 mA g%) at room temperature, were shown in Fig.3. Each sample exhibits
a charging plateau around ~3.95 V, a discharging plateau around ~4.05 V and an intersection point at
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the middle. These indicate a weak electrochemical polarization of obtained materials as rechargeable
battery cathodes. Furthermore, the pristine, single- and co-doped spinels display a decreasing trend of
discharge capacity in order, which can be explained by the increasing amount of substituted trivalent
metal ions [32].

The cycling stabilities of Lii.osMxMn2xO4 cathode materials with a relatively low and high
substitution degree of elements were shown in Fig. 4a and 4b, respectively. At room temperature,
pristine Liz.0sMn204 has the discharge capacity retention of 85.7 % after 100 cycles, while the retention
values of single- and co-doped Li1.osMo.1Mn1.9O4 are as high as 93% and 95% under the same
conditions (Fig. 4a). It should be pointed out that the curve fluctuation of a discharge capacity-cycle
number plot, not the decreasing trend, is due to the day-and-night temperature difference. If the lattice
structure of Lii.osMn2O4 could be well maintained with the doping of trivalent metal ions, the average
valence of transition metal ions in Lii0sMxMn2xO4 should be about 3.5 [23]. That is, the relatively
good cyclability of Lii.osMo.1Mn1.904 may be due to the relatively high average value of Mn valance
therein (Fig. 4a).
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Figure 5. The plots of Lii.osMMn><O4 discharge capacity against cycle numbers at a rate of 1 C at
55°C:x=0.0,0.10r0.2.

Table 1. Galvanostatic charge-discharge results of spinel Li1osMxMn2xO4 in Li-ion batteries operated
at different temperatures (i.e., room temperature RT and 55°C).

Initial 100" Rete Initial 100" Retenti
Cathode capacity capacity ntion capacity capacity on
active material (x3) mAh (£3) mAh %  (x3) mAhg! (x3) mAhg %
g-1 (RT) g (RT) (RT) (55°C) ! (55°C) (55°C)
Li10sMn204 121.9 104.5 85.7 120.0 95.1 79.2
Li105C00.1Mn1,60 121.8 116.5 95.6 119.0 105.7 88.8
4
Li1.05C001Cro1M 104.8 101.7 97.0 105.3 98.2 93.2

N1.804
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At the substitution degree of 0.1, the cycling stability of co-doped Li1.05C00.05Cro.0sMn1.904 is
higher than that of Li1.05Cro1Mn1.904but is lower than that of Li105C001Mn1904 (Fig. 4a). That is, Co
substitution seems to be good for the retention of initial capacity at a relatively low substitution degree.
Also, according to the XRD patterns shown in Fig. 1, spinel materials with the Cr substitution degree
of 0.1 have relatively little lattice shrinkages of an octahedron unit [33]. Therefore, the Co and Cr co-
doped samples of Lii.0sC00.1Cro.1Mn1 804 could explain the cyclability improvement through a possible
synergistic effectiveness. At the substitution degree of 0.2, the cycling stability of
Li1.05C00.1Cro.1Mn; 804 is the best, maintaining 97.0% of initial capacity at room temperature (Fig. 4b).

Generally, Mn dissolution should be enhanced at a relatively high temperature, which seriously
affects the cycling performances of spinel materials. In order to study the influence of operating
temperature, the electrochemical measurements of Li-Mn-O cathode material were carried out at 55°C,
shown in Fig. 5. The detailed information was listed in Tab. 1, it should be pointed out that the error of
electrochemical values is about +3 mAh g based on the mass error of working electrodes. For
example, the undoped one has the highest initial capacity of 120 mAh g at 55°C, which fades fast to a
value of 95 mAh g! after 100 charge-discharge cycles. Interestingly, the co-doped material of
Li1.05C00.1Cr0.1Mn1 804 can maintain 93.2% of initial capacity under the exact same conditions in
assembled cells. This further proves that the cycling stability of Li-Mn-O spinels can be improved by
the single- or co-doped substitution of trivalent Co and Cr ions.
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Figure 6. The plots of dQ/dV against V for the 2" and 100" cycle at current density of 1C at 55°C:
Li1.0sMn204 (a), Li1.0sC00.1Mn1.904 (b) and Lij.0sC00.1Cro.1Mn; 304 (c).

In consideration of the structural properties of Lii.osMxMn2-xO4 with the single- and co-doped
elements, it is necessary to analyze the charge-discharge curves as the plots of dQ/dV versus V, where
V is the cell's voltage and Q is the charge that flows.

As for the comparative LiiosMn2Os, Lij0sC00.1Mn190s and Lij05Co00.1Cro.1Mn;g04, the
analyzed results of the 2" and 100" cycles operated at current density of 1C at 55°C are showed in Fig.
6. In comparison with the 2" cycle, the corresponding charge-discharge curve at the 100" cycle shows
a discharge voltage of dQ/dV peaks shifts at the relatively low value. Also by comparison, there is a
more shift for pristine LijosMn2O4 (Fig. 6a), a middle shift for single-doped Lii.0sC00.1Mn;904 (Fig.
6b) and a less shift for co-doped Lii.0sCo00.1Cro.1Mni1.5O4 (Fig. 6¢). These suggest a relatively strong
interaction between intercalated atoms with the structural host of co-doped Lii.0sCo0.1Cro.1Mn1.804[34
35].
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Figure 7. Rate-capability (a) and Long-term cycling stability (b) of Li1.0sC00.1Cro.1Mn1g04 electrode at
a high current density of 5C.
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Table 2. Cycle performance data of LiMn204 samples modified by different methods

Initial reversible

. Cycle Capacity retention(cycle . -
samples Preparation temperature number, cycling rate) dlscharge capacity
route (C) (cycling rate)
(mAh g™
. Solid  state 94(300, 2C),
L10sC0010MN1es0s o tion[12] RT 86(1000, 2C) 81.3(0.2C)
55 85 (100, 1C)
LisPOs-coated Sol-gel
LiMrsOs route[37] 55 85 (100, 1C) 114.2(1C)
LiCoO,-coated Micro- -2
RT 95 (100, 0.5mA
LiMn2O4 emulsion ¢ mA cm™) 113(0.5mA cm2)
process[38] 55 85(80, 0.5mA cm?)
One-step RT 93.7 (100, 0.5C)
'('AME’”VZV%;/;A‘Q gjnbusm’nﬁ o5 88.1 (100, 2C) 110(2C)
gowtre 715 (100, 5C)
3 wt% ZrO,-coated One-time RT 90.1(400, 1C)
LiMn,0x4 sintering[40] 55 88.9(150, 1C) 118.8 0.2C)
RT 97(100, 1C)
: 105(1C)
L M -
i1.0sC001CroaMnyg  Sol-gel route 93.2(100, 1C) 103.1(2C)

04(This work) 55 80(1000, 5C)

Aside from the electrochemical durability at a relatively high temperature, high-rate capability
and cyclability are also the key factors to explore the potential application of element-doped spinels.
At a charge-discharge rate of 2 C, 5 C and 10 C, the discharge capacities of Li1.05C00.1Cro.1Mn1g04 are
103.1, 99.7 and 88.9 mAh g-1, shown in Fig. 7a. Under the same experimental conditions, undoped
Li1.0sMn204 electrode merely acquires a discharge capacity of 98.8 and 44.4 mAh g-1 at2 Cand 5 C,
respectively. As shown in Fig.7b, the discharge capacity of Li105C00.1Cro.1Mn1g04 electrode at 5 C
decreases slowly and almost linearly, and it can surprisingly maintain 80% of maximum capacity after
1000 cycles. To the best of our knowledge, the long-term and high-rate cycling stability of
Li105C00.1Cro.1Mn1804 may satisfy its potential application as rechargeable batteries in EV and HEV
energy storage sources, which is excellent in comparison with the ever reports [20, 36]. The cycling
performance of series LiMn2O4 has been summarized in Table 2[12,36-40].In comparison, the co-
doped Li1.05Co00.1Cro.1Mn1.804 electrode demonstrates substantively cycling stability, especially at an
elevated temperature of 55 C.

4. CONCLUSION

In summary, a simple sol-gel method was successfully used to prepare single- and/or co-doped
spinels of Lij 0psMxMn2xOs (M = Co** and/or Cr**, x = 0.1 or 0.2). The substitution of trivalent metal
ions can enter pristine LijosMn2O4 crystal lattice, decrease the dissolution of Mn and improve the
structural stability of resulting spinels. These induce the enhanced cycling stability of lithium
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manganese oxide electrodes during charge-discharge processes. As for the co-doped
Li1.05C00.1Cro.1Mn; 804 electrode, it can surprisingly maintain 93.2 % of initial capacity at 1 C over 100
cycles at 55°C and 80 % of initial capacity at a high rate of 5 C after 1000 cycles at room temperature,
which can be attributed to synergistic effect of doped cobalt and chromium elements.
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