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The indium- and sulfur-doped LiMnO, samples with orthorhombic structure as cathode materials for
Li-ion batteries are synthesized via hydrothermal method. The microstructure and composition of the
samples were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), induc-
tively coupled plasma atom emission spectroscopy (ICP-AES), and X-ray photoelectron spectroscopy (XPS)
analysis. It is shown that these samples with the orthorhombic structure have irregular shapes with a grain
size of about 100-200 nm. The electrochemical performance of these samples as cathode materials was
studied by galvanostatic method. All doped materials can offer improved cycling stability and high rate
discharge ability as compared with the un-doped Lip99MnO,. Moreover, dual In/S doping can slow down
the capacity decay to a great extent, although the transformation to spinel occurs undesirably for all the
doped samples during electrochemical cycling.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The layered LiMnO, with orthorhombic structure (space group
Pmmn, hereafter denoted as 0-LiMnO,), is favourable for lithium
insertion and extraction. Usually, 0-LiMnO, can be prepared by a
conventional solid-state reaction at high temperature under argon
or nitrogen [1-3] or by a soft-chemistry route at lower temperature
[4-6]. The electrochemical properties of the cathodes are mainly
related to crystalline sizes [7,8], which depend on reaction tem-
perature for preparation. Low temperature soft-chemistry routes
and moderate synthesis methods are alternative ways to obtain o-
LiMnO, cathode materials with fine crystalline sizes and improved
electrochemical properties. Although o-LiMnO, materials can offer
higher discharge capacities as compared to the sipnel material, it
was demonstrated that the rapid decay of the discharge capacity
occurred during cycling, due to the irreversible structural trans-
formation from the layered lithium manganese oxides to a spinel
structure.

It is shown that element doping in electrode materials is an
effective way to improve the electrochemical stabilities. In the past,
many efforts were made to enhance the electrochemical stability
of 0-LiMnO, materials by partial substitution or doping of Mn by
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Al, Cr, Ni, and Co [9-12]. Meanwhile, sulfur and indium doping was
found to be in favour of electrochemical cycling performance in
spinel LiMn; 04 [13-16], overcoming Jahn-Teller distortion [17]. In
addition, sulfur doping was also effective to improve the cycling sta-
bility of LiMnO, materials with monoclinic or hexagonal structures
[18,19].

In this work, the LiMnO, with the orthorhombic structure was
prepared via hydrothermal method. In addition, a partial indium
or sulfur doping, and dual doping in LiMnO, were investigated.
The morphology, microstructure, composition and electrochemi-
cal properties of these samples as cathode materials were studied
in detail.

2. Experimental
2.1. Preparation and characterization

The starting materials are LiOH-H,O and Mn;03. The mix-
ture of LiOH-H,0 (0.30 mol) and Mn,03 (0.01 mol) was put into a
Teflon-line autoclave (60 ml), filled with de-ionized water (50 ml).
The autoclave was sealed and maintained at 150°C for 36h. A
brown-black precipitate was collected and washed thoroughly with
de-ionized water to eliminate residual alkaline, and was dried in a
vacuum box at 105 °C for 12 h to obtain 0-LiMnO,. Indium-doped
LiMn;_yIn,0, (y=0.01, 0.02 and 0.03) samples were obtained
with the molar ratio Mn/In=0.99/0.01-0.97/0.03 (In(NOs)3-5H,0,
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Table 1

The chemical composition of the typical samples as measured by ICP

Design formula ICP results

LiMnO, Lio.soMnO,

LilMng g9Ing 01 02 Li1.01Mng 9891ng .01 02

LiMng 951100202 Lig.99Mnp 9521N0,01802
LiMng 971n0,0302 Li1 Mno.968110.03202
LiMnO1.99So0.01 Lio.98MnO1.9950.01

LiMng 991n0,010199S0.01 Lig.99Mno 985 1n0.01201.991S0.009

Intensity

N | MJ'J

(O I

0983 [Il'ij 1.99170.009

MnO S

(J 98’ 1.9970.01

B Lo, a: Li.oanO:
é; (o] In,0, b: L?l.mMnn.qsoIno.mlO:
il g < L]OWMnﬂ‘)R"Inﬂ,OIRDZ
g T d:LiMn  In O,
T e:Li Mn  In O

Intensity

20 (deg.)

Fig. 1. XRD patterns of the In-doped samples.

0.001-0.03 mol). Sulfur-doped material was prepared in the molar
ratio of S/Mn=0.01/1 (Na,S-9H,0, 0.002 mol). The final indium and
sulfur co-doped materials were obtained by the above-mentioned
method.

The microstructure of the as-prepared samples was character-
ized by X-ray diffraction (XRD, Rigaku D/max-2500) with Cu Ka
radiation and transmission electron microscope (TEM, FEI Tecnai
20) with an accelerating voltage of 200 kV. Elemental analysis for
Li, Mn, In, and S was carried out by using inductively coupled
plasma atom emission spectroscopy (ICP-AES, IRIS Advantage) to
determine the chemical composition of these materials. The sur-
face chemical state was recorded using an X-ray photoelectron
spectroscopy (XPS, PHI-5300 ESCA).

2.2. Electrochemical performance

The working electrode was prepared by compressing a mixture
of active materials, acetylene black, and binder (polytetrafluo-
roethylene, PTFE) in a weight ratio of 75:20:5. Lithium metal was
used as the counter and reference electrodes. The electrolyte was
LiPFg (1 M) in a mixture of ethylene carbonate (EC), dimethyl car-
bonate (DMC), and ethyl methyl carbonate (EMC) with a weight
ratio of 1:1:1. All procedures for handing and fabricating the elec-
trochemical cells were performed in an argon-filled glove box. The

Table 2
Lattice parameters of the typical samples after Rietveld refinement
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Fig. 2. XRD patterns of the S-doped and In/S-doped samples.

galvanostatic method was used to measure the electrochemical
capacity and cycle life of the electrodes at room temperature (25 °C)
using a LAND CT2001A instrument. The cut-off potentials for charge
and discharge were set between 2.0 and 4.3V (vs. Li*/Li).
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Fig. 3. Cycle performance of the In-doped (a) and In/S-doped (b) samples at various
discharge current densities with a charge current of 50 mA/g for all cycles in the
potential range between 4.3 and 2V (vs. Li*/Li).
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3. Results and discussion

The chemical composition of the as-prepared samples, calcu-
lated from the results of ICP-AES, is summarized in Table 1. The
Li/Mn ratio for all the samples is very close to 1. XRD patterns of
the In-doped materials are shown in Fig. 1, their lattice parame-
ters after Rietveld refinement are summarized in Table 2. All XRD
peaks, except for the marked peaks of the as-prepared samples,
can be assigned to the orthorhombic structure with space group
of Pmmn (JCPDS 86-0356). In addition, all the samples appear to
be well crystalline, based on sharp peaks in XRD patterns. It is
notable that increasing the indium concentration in the sample
may lead to some impurities. The appearance of LilnO, (JCPDS 88-
1929) and In,03 (JCPDS 89-4595) can be clearly detected for the
Lig99Mng g49Ing 9510, sample. Therefore, the element-doped con-
centration in the sample should be kept as low as possible, in order
to avoid the formation of impurities. In XRD patterns of S-doped
and In/S-doped samples (Fig. 2), all the samples have the same

orthorhombic structure without impurities. Thus, the orthorhom-
bic structure is well stabilized even in dual doping with indium
and sulfur for the LiMnO, sample, though the XRD peak intensity is
lower, indicating the relatively poor crystallinity of the In/S-doped
sample.

In order to compare the cycle stability and high rate discharge
ability of these samples, the cycle performance of all the samples
at various discharge current densities is presented in Fig. 3. All
the samples reach their maximum discharge capacities at about
the 10th cycle. It is clear that the cycle performance and high
rate discharge ability of the o-LigggMnO, sample are poor. The
maximum discharge capacity and cycle stability of cathode mate-
rials can be greatly improved by indium doping. With increasing
the indium-doped concentration, however, the high rate discharge
ability turns to decrease. The Lijg;MnggggO, sample is shown
to have the optimized electrochemical performance among In-
doped samples, including the discharge capacity, cycle stability and
high rate discharge ability. The S-doped sample also has improved

Fig. 4. TEM images of the as-prepared samples. (a) Lip.g9MnO3, (b) Li1.01 Mng.9g9Ing.011 02, (¢) LioesMnO1.99S0.01 and (d) Lig.99Mnp 9gsInp.01201.991 So.009-



414 Z. Su et al. / Journal of Power Sources 189 (2009) 411-415

electrochemical performance as compared with the 0-Lig ggMnO,
sample. In particular, the electrochemical performance can be fur-
ther improved in the dual In/S-doped sample. For example, the
Lig.99Mnyg 9ggIng 01201.991So.009 Sample has the maximum discharge
capacity of 267.9 mAh/g at the 10th cycle and remains the capac-
ity of 256 mAh/g after 60 cycles at 50 mA/g. Importantly, the high
rate discharge ability of the In/S-doped sample is also enhanced as
compared with S-doped or In-doped samples.

On the basis of the electrochemical performance, four typi-
cal samples (Ligg9MnO2, Li1.0;Mng gggIng 01102, Lip.ogMnO1.99S0.01
and Lig g9Mng ggglng 01201.991S0.009) are selected in further experi-
ments. TEM images of the above four typical samples are illustrated
in Fig. 4. It can be seen that these samples, obtained from the
hydrothermal route, have irregular shapes with a grain diameter
of 100-200 nm. The presence of clear interference fringe in HRTEM
images indicates that these grains have a good crystallinity for the
Lig.99MnO,, In-doped and S-doped samples. In contrast, the dual
In/S-doped sample appears to have a relatively poor crystallinity,
in agreement with XRD analysis.

The charge-discharge curves of the four typical samples in the
1st and the 10th cycles are shown in Fig. 5. It is found that all these
samples exhibit a long discharge and charge potential plateaus at
about 2.8 and 3.5V (vs. Li*/Li), respectively, as the characteristics of
the layered LixMnO, materials. The discharge potential plateau at
about 4.0V (vs. Li*/Li), as usually observed in spinel lithium man-
ganese oxides, is absent. After In or In/S-doping, the initial discharge
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Fig. 5. The charge-discharge curves of the as-prepared samples in the 1st (a) and
10th (b) cycles at 50 mA/g.
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Fig. 6. Mn2p, S2p and In3d core level spectra of the Lipg9Mng9ssINo.01201.991S0.009
sample.

capacity is increased to some extent. After 10 cycles, however, the
discharge potential plateau at about 4.0V (vs. Li*/Li) appears for all
the samples, as shown in Fig. 5b. It means that the partial struc-
tural transformation from the layered orthorhombic structure to
the spinel structure unavoidably occurs during cycling. The above
partial structural transformation was also observed previously in 0-
LiMnO, cathode materials [2,20,21]. Though the dual In/S-doping in
the layered orthorhombic structure can slow down capacity decay,
however, it cannot inhibit the partial structural transformation.

Mn2p, S2p and In3d core level spectra of the LigggMngggg
Ing,01201.991S0.009 sample are presented in Fig. 6. The character-
istic peak (binding energy) of the Mn 2p3, locates at 641.62 eV,
almost identical to that in Mn,;03 [22], MnOOH [23] and mono-
clinic LiMnO, [24], corresponding to the Mn(IIl) oxidation state. The
binding energies of the In 3ds;, and S2p are 444.10 and 162.48 eV,
respectively, similar to that observed in In,03 [25] and ZnS [26].
Therefore, indium and sulfur exist as the In(IIl) oxidation state and
S(II) reduction state.

In general, element doping with larger ion radius may generate
a channel with fast mobility of Li ions. It is known that the ionic
radius of In3* (0.081nm) is larger that that of Mn3* (0.066 nm).
In addition, the thermochemical radius of S2- is 0.173 nm [27],
larger than 02~ ionic radius (0.132 nm). Therefore, the cell volume
of all doped samples increases slightly, as compared with the o-
Lig 99MnO, sample. Meanwhile, it was reported that dopants with
larger ion radius may stabilize the layered structure of monoclinic
and orthorhombic LiMnO, [9-12,28]. The miscibility of dopants
into layered LiMnO, was also considered as the important factor
[28]. It is known that LilnO, compound can exist, similar to LiMnO5,
LiNiO,, LiAlO,, LiCrO,, and LiTiO,. Thus, indium may have good
miscibility into layered LiMnO, to maintain cycling stability. In
addition, sulfur and oxygen anions have a good replacement mech-
anism in compounds. Therefore, In/S doping may prevent partially
from the structure distortion of layered LiMnO, during repeated
lithium insertion/extraction processes. Even if the transformation
to spinel occurs unavoidably for all the doped samples during elec-
trochemical cycling, In/S doping still can slow down the capacity
decay to a great extent.

4. Conclusion

The Ligg9MnO, with the orthorhombic structure can be syn-
thesized via hydrothermal method. The partial In-doped or
sulfur-doped, or dual In/S-doped samples are also obtained. It
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is shown that the orthorhombic structure is maintained in dual
doping with indium and sulfur in the layered sample. All the sam-
ples, obtained from the hydrothermal route, have irregular shapes
with a grain diameter of 100-200 nm, while maintaining good
crystallinity. The electrochemical measurement demonstrates that
indium or sulfur doping can improve electrochemical cycle stability
and high rate discharge ability. In particular, the dual In/S-doped
sample has the optimized electrochemical performance, includ-
ing the discharge capacity, cycle stability, and high rate discharge
ability.
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