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Substitution methods for Mn®*" in a spinel lithium manganese oxide with other cations have
been used to prevent capacity degradation during the electrochemical charge and discharge of Li-
batteries by increasing the average valence of Mn. In particular, in this review we outlin the effects
of Sn substitution on the cycling performance of LiMn2Oy4 thin films that can be used as positive
electrode in Li-batteries. The thin films were prepared by using pulsed laser deposition and solution
deposition with regard to the structural and the electro-chemical characteristics.
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I. INTRODUCTION

Over the past two decades, Lithium rechargeable bat-
teries have enjoyed widespread use as a convenient power
source for portable devices like mobile phones, laptop
computers, cam-coders, etc. Their high energy density
and power make possible the using portable electrics
for a reasonable amount of time [I]. Recently, de-
mands for higher power, energy density, and longer cy-
cle life with reduced cost have been increasing as im-
proved technology allows the creation of smaller electron-
ics and integrated portable devices with micro-electro-
mechanical system (MEMS). The development of semi-
conductor processing and circuit design technologies is
accelerating the trend of creating lighter and smaller de-
vices, which is resulting in decreases in electric power
and capacity. Therefore, thin-film batteries viz. mi-
crobatteries, containing solid electrolytes, have been in-
vestigated by some leading companies in USA, Israel,
Japan, Oak Ridge Micro-Energy (ORME), Cymbet, Ex-
cellatron, Power Paper, NEC, NTT, and others. The de-
velopments of these companies in these areas are shown
in Table 1. Solid-state batteries are expected to fulfill
the power, energy density, and rechargeability demands.
Moreover, they have other advantages such as long shelf
life, versatile size and shape and high thermal and vibra-
tional stabilities, while not causing contamination due to
the leakage of the liquid electrolyte, self-discharge, and
internal evolution of gas for future-oriented uses.

The energy density of a thin-film battery, like conven-
tional batteries, is mainly determined by the product of
the voltage and the specific capacity of the cell, and these
properties are primarily a function of the electrode mate-
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rials in the cell. Intensive research has been carried out
to develop LiCoOs thin films appropriate for all-solid-
state batteries by using the currently-used cathode (pos-
itive electrode) material, LiCoOy [2-4]. However, due
to the high cost of Co and the structural deterioration
of LiCoOy when large amounts of Li are re-moved from
LiCoO (a natural part of the charge/discharge cycle),
more recent research has focused on finding entirely new
cathode thin films [5].

II. DISCUSSION
1. LiMn>0O,4 Cathode Material

One of the alternative cathode materials for thin film
batteries is lithium manganese oxide, which is non-toxic,
can be used at high cell voltage and is superior in terms
of cost. The Mn ion in lithium manganese oxides can
be in the various oxidation states [2-7], and oxidation
states with 2-4 octahedral coordination has been focused
most common material which is related with spinel or
rock-salt structure by electrostatic attraction/repulsion
of Mn-ion occupied vacant 16¢ site between oxygen and
Li-ion. Among them, the LiMnsO4 has become a promis-
ing alternative cathode material. LiMnyO, crystallizes
in the normal spinel structure with a space group symme-
try of Fd3m [8], in which the Li* and the Mn®*/%* ions
occupy, respectively, the 8a tetrahedral and 16d octahe-
dral sites of the cubic close-packed oxygen array (Fig. 1)
to give a cation distribution of (Li)gq[Msa]16404. While
the interconnection of the 8a tetrahedral sites via the
neighboring empty 16¢ octahedral sites offers reversible
lithium-ion intercalation/deintercalation without struc-
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Table 1. Companies producing thin-film batteries and their uses

Company

Developing contents

Power Paper
Oak Ridge Mirco-Energy

(OKME) Implanted medical devices
Infinite Power Solutions
Cymbet
Solicore
NEC Organic radical battery
NTT Thin-film lithium battery

GS Nanotech
Rocket Electric

Smart active label loaded with alkaline battery
Pilot-type thin-film battery

Flexible thin-film battery for smart active label
Lithium thin-film battery for active RF-ID tag
Thin-film type lithium polymer battery for Smart cards and active RF-ID tags

Thin-film lithium battery for active RF-ID tags, biosensors and MEMS applications
Primary thin-film flexible battery
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Fig. 1. (Color online) Crystal structure of spinel LiMn,O4
with LiO4 tetrahedra and edge-shared MnOg octahedra.

tural collapse and fast three-dimensional lithium-ion dif-
fusion (high o;,;) within the strong covalently-bonded
[Mn3]O4 framework, the edge-shared MnOg octahedra
with a direct Mn-Mn interaction provide the good elec-
tronic conductivity, 0., needed for high-rate capability.
Unlike the layered LiMOg cathodes that suffer
from the migration of transition-metal ions from the
transition-metal layer to the lithium layer, the three-
dimensional [Mnz]O4 spinel framework provides excel-
lent structural stability, while supporting high-rate capa-
bility. Additionally, the lying of the Mn®*/4T: e, band
high above the O?~: 2p band offers excellent chemical
stability, unlike the Co3*/4t couple. Moreover, Mn is
inexpensive and environmentally benign. As a result,
LiMn2O4 with a discharge voltage of about 4 V [9] has
become an appealing material for using a cathode.
Lithium ions are inserted/extracted from/into the 8a
tetrahedral site at a voltage around 4 V which initial cu-

bic spinel structure 1s maintained. However, only about
0.4 lithium ions per LiMn,O,4 formula unit can be re-
versibly extracted, which limits the practical capacity to
< 120 mAh/g. Although an additional lithium could
be inserted into the empty 16¢ sites of (Li)gq[Mz]16404
at a voltage around 3 V versus Li/LiT to give the lithi-
ated spinel {Lis}i6:[Ma]16404, it is accompanied by a
transformation of the cubic (Li)gy[M2]16404 (c/a = 1)
into tetragonal {Lis}16:[M2]16404 (c/a = 1.16) due to
the Jahn-Teller distortion associated with the high spin
Mn3* @ 3d* (tg,%e,') ion. The Jahn-Teller theorem
states that there cannot be unequal occupation of or-
bitals with identical energies. To avoid such unequal oc-
cupation, the molecule distorts so that these orbitals are
no longer degenerate. For example, octahedral Mn (II1),
a d* ion, will experience the Jahn-Teller effect when only
one electron occupies the e, levels. This results in poor
capacity retention during cycling in the 3-V region due
to high volume changes caused by a ~6% increase in the
unit cell volume, so the 3-V region cannot be utilized
in practical cells. Correspondingly, the phase transition
caused by the Jahn-Teller distortion occurs when the av-
erage valence state of manganese is below 3.5. There-
fore, the phase transition can be restricted by specifi-
cally reducing the concentration of the Mn?* ion in the
as-prepared LiMn,QOy4 electrode.

In addition to the lower capacity (< 120 mAh/g)
when compared with that of the layered oxides, the
LiMn,O, spinel cathode encounters severe capacity fade
even in the 4-V region (particularly at elevated tempera-
tures). This has been attributed to a disproportionation
of Mn?* ions into Mn*t and Mn?* ions in the presence of
trace amounts of hydrofluoric acid generated by a reac-
tion of the LiPFg salt with the parts per-million-levels of
water present in the electrolyte solution; while the Mn**
ion remains as a solid, Mn?*t leaches out into the elec-
trolyte and poisons the anode, resulting in capacity fade.
The characteristics of LiCoO9 and LiMnsO4 cathode ma-
terials, related to battery performance, are summarized
in Table 2 for comparison.
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Table 2. Comparison of LiCoO2 and LiMn2O4 cathode Table 3. Toxicity and effective ionic radii of substituting-
materials. ion candidates for Mn®t in LiMnsOy4.
Characteristics LiCoO2 LiMn2O4 . ..«  Effective ionic Remarks to
———— Ton Toxicity
Capacity limited (mAh/g) 120 — 130 100 — 120 radius (A) ionic radius?
Potential (V vs. Li/Li") 3.6 3.8 Mn3* b 0.785 R*
Fast charge time (h) 1.5 -3 <1 Mntt b 0.670 R*
Load current (C-rate) <1 <10 Monovalent
Cost Cu a 0.77 E
(resource and battery control Very high Low Li a 0.76 *
circuit) Divalent
Environmental benignity Poor Good Co a 0.745 R*
O2 evolution during overcharging Yes No Cr a 0.80 R
Safety Bad Good Cu a 0.73
(< 150 °C) (< 250 °C) Fe b 0.780 R*
Ge a 0.73 A
Mg b 0.720 *
Ni ¢ 0.690 R*
2. Substitution of Mn Pd 0.86
Pt 0.80 A
The focus of this review is the development of new Sn b 0.93
high-cyclability thin-film electrodes by Sn substitution Ti a 0.86 E
for Mn in spinel LiMn;O4 and understanding their elec- v c 0.79
trochemical properties. The substitution of Mn?*t at the Zn b 0.740 R*
octahedral site of spinel LiMn;O4 by a substituting ion Trivalent
is necessary to increase the average valence state of Mn, Ag b 0.75 R
so that the Jahn-Teller effect can be inhibited. Table Au 0.85 A
3 shows the toxicity and the ionic radii [10] of Mn3*, ' .
Mn** and other substituting-ion candidates. The capac- In b 0-800 R
ity retention with cycling in LiMyMny_,O4 electrodes Lu b 0.861 R
(M = Al [11], B [12], Ce [13], Co [14], Y [15], Cr [16], F Mo a 0.69 E
[17], La [18], Nd [19], Mg [20], Ni [21], Sc [22], Se [23], Nb b 0.72
Zn [24], etc.) has been reported to show better perfor- Pd 0.76
mance due to the increasing oxidation state (closer to Ru b 0.68
Mn**: 3d3 (t2,%€,")) of Mn ions. However, the doped Sh c 0.76 A
LiMn,Oy4 provides a slightly lower initial discharge ca- Se b 0.745 R*
pacity because of the replacement of the Mn3T ion by
e . . . . Ta b 0.72 E
the substitution ion. Through comparison with previous
studies, the replacement of Mn?t by Sn?* is especially Th b 0.923 R
beneficial to improve the cyclic performance of LiMn,Oy Ti a 0.670 R”
without the initial capacity loss due to the low content Tl c 0.885 R
of the Mn* and with the non-toxicity of Sn compounds. Tm b 0.880 R
The substitution is possible considering the ionic radii of Y b 0.900 R*
Mn3* and Sn?*. Larger ions have been reported to be Yb b 0.868 R*
suitable for the substitution in octahedral site whereas Tetravalent
smaller ions were suirable for substitution in tetrahedral Am . 0.85 R
sites [25,26]. Moreover, the ratio of the Sn?*/O?~ ionic B 0'83 R
radius (0.132-nm ionic radius of O?7) has in the range of ’
0.414 — 0.732, indicating that the coordination number Ce b 0.87 R
must be six according to Pauling’s first law. In addition, Cf 0.821 R
the study of Sn substitution in LiMny Oy is worth investi- Cm 0.85 R
gating because unknown phenomena that have not been Hf b 0.71 R

reported yet may exist.



-44- Journal of the Korean Physical Society, Vol. 68, No. 1, January 2016

Effective ionic Remarks to

Ton Toxicity®
radius (A) ionic radius?

Mo a 0.650 RM
Nb b 0.68 RE
Np c 0.87 R
Pa c 0.90 R
Pb c 0.775 R
Pr b 0.85 R
Pu c 0.86 R
Sn b 0.69 R
Ta b 0.68 E
Tb b 0.76 R
U c 0.89

Zr b 0.72 R*

“a: nontoxic, b: slightly toxic, and c: toxic.
YR: from 12 vs. V plots, E: estimated, * most reliable, M:
from metal oxides, A: anticipated

3. Sn-substituted LiMn->O, Thin Films Pre-
pared by PLD

Preparation of targets. Target materials of
LiSn, /osMny_,Oy4 (z = 0, 0.025 and 0.05) were prepared
by using the conventional solid-state reaction. Raw
material, LioCO3 (> 99%, Aldrich), MnOs (> 99%,
Aldrich), and SnO (> 99%, Aldrich) or SnOs (99.9%,
Aldrich) in a stoichiometric proportion, were ball-milled
in an anhydrous ethanol medium for 20 h. After the pow-
der had been dried at 120 °C for 24 h, it was ground and
was then calcined at 700 °C for 5 h. The calcined pow-
der was ground again and then thoroughly mixed with a
few drops of a 0.05 wt% solution of poly(vinyl alcohol)
(PVA). The mixture was uniaxially pressed at 490 MPa
to form a pellet and then finally sintered at 1200 °C for 2
h. The fired targets were characterized at a fired density
of ~3.5 g/em3, ~82% of the theoretical density (4.281
g/cm?) [27] as measured by the Archimedes method, and
a shrinkage of —1%, regardless of target composition.

Preparation of Sn-substituted LiMn,O, thin
films. Thin films were prepared for 45 min on a
Pt/Ti/Si02/Si(100) substrate (10 x 10 mm?) by using
the PLD method with a KrF excimer laser (wave length,
A = 248 nm and pulse width, 7 = 25 ns). The base pres-
sure of the chamber for the PLD was lower than 1073
Pa. The conditions used for deposition are as follows:
(i) laser energy density: 4.6 J/cm?, (ii) pulse frequency:
10 Hz, (iii) target-substrate distance: 4 c¢m, (iv) working
(oxygen) pressure: 26.7 Pa, and (v) substrate tempera-
ture: 450 °C.

Structural analyses. An X-ray diffractometer
(Rigaku RINT 2000) using Cu K« radiation was used at
a scan rate of 1 deg/min for the refinements and phase
analyses in this review. A secondary electron microscope
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Fig. 2. (Color online) X-ray diffraction patterns of (a)
LiM, oMns_,O4 (M = Sn®" and Sn**, z = 0, 0.025 and 0.05)
powders fired at 700 °C for 5 h and then at 1200 °C for 2 h and
(b) magnified X-ray diffraction patterns of LiM, /sMnz_,O4
(M = Sn** and Sn*™, « = 0, 0.025 and 0.05) powders fired
at 700 °C for 5 h. The sintered powders are single-phased ac-
cording to XRD regardless of the Sn content and the valence
state of Sn.

(FEI XL-30 FEG) was used for the morphological study
of all the films in this review. The analysis of NEXAFS
(near edge X-ray absorption fine structure) was carried
out at the 7Ba KIST (Korea institute of science and tech-
nology) beamline of the PLS (Pohang Light Source) 2.5-
GeV storage ring by using a soft X-ray absorption spec-
troscope (XAS) equipped with a VLS PGM monochro-
mator (80 — 1500 eV) operating at the carbon K edge
with an energy resolution of 0.2 eV.

Electrochemical measurements. FElectrochemical
measurements unit in this review were carried out by
using a lab-made half-cell with the following conditions:
The electrolyte consisted of a 1-M solution of LiPF6 dis-
solved in a 1:1 vol% solvent of ethylene carbonate (EC)
and diethyl carbonate (DEC). The counterelectrode was
a lithium foil (10 x 10 mm?2, 0.38-mm thick). The
charge/discharge was performed at a current rate of 330
mA /g at voltage between 3.0 and 4.5 V.

Characterization of LiSn, ,Mn;_, 0O, target ma-
terials. The prepared targets of LiMw/gMng_wOAL M =
Sn?* and Sn**, x = 0, 0.025 and 0.05) sintered at 1200
°C for 2 h were characterized as having a cubic cell with
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Fig. 3. (Color online) X-ray diffraction patterns of var-
ious thin films showing the effect of Sn substitution in the
LiMnsO4-based compound. Thin films containing element
Sn in the stoichiometry LiSnz/QMng_zO4 (z =0, 0.025 and
0.05) as-deposited by using PLD are single-phased according
to XRD. Copyright 2008 American Institute of Physics [41].

space group Fd3m, as evidenced by the X-ray powder
diffraction refinements in Fig. 2 [5,27-40]. In Fig. 2, the
c-LiSn, ;sMny_; Oy is powder after the calcining, and the
s-LiSn, /oMny_,O4 is powder after the sintering. Some
impurity phases, such as SnO5 and v-MnyOj3, were found
after the calcining. After the final sintering process at
1200 °C for 2 h, no secondary phase was found. There-
fore, it was assumed that Sn could be incorporated into
the spinel LiMnyOy4-based structure. In this structure,
the Li occupies the 8a tetrahedral sites, the Mn occupies
the octahedral (16d) sites and the oxygen forms a face-
centered cubic array with 32e sites, while the other oc-
tahedral site (16¢) is vacant [28]. Therefore, the intense
reflection peaks are indexed according to the literature
[27,29].

Characterization of LiSn, ,Mn;_,O, thin films.
As expected, the XRD patterns of the LiSn, 5Mny_,Oy4
thin films, show in Fig. 3, showed the identical cu-
bic phase with space group Fd3m regardless of the Sn
content. Sn?t seemed to be accommodated into the
LiMny0O,4 structure as only the LiMnyO4 spinel phase
was observed even for the LiSng go5Mn 9504 thin film.
The Sn ion is assumed to have substituted for the Mn
ion in the 16d octahedral site of the spinel.

Figure 4(a) shows the surface microstructures of as-
prepared LiSn, oMns_,O4 (2 = 0, 0.025 and 0.05) thin
films at high magnification, in which all surfaces were
identical regardless of Sn content. Figure 4(b) shows the
surface microstructures of as-prepared LiSn, /oMny_, Oy
(x =0, 0.025 and 0.05) thin films at low magnification.
The large particulates and the rough surfaces seen in
Fig. 4(b) imply that the laser energy density of 4.6 J/cm?
was too high. The rough surface, caused by the high
laser energy density, was assumed to have resulted in
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Fig. 4. SEM images for the surfaces of as-prepared
LiSng/sMna O4 (xz = 0, 0.025 and 0.05) thin films at (a)
high magnification and (b) low magnification.
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Fig. 5. Voltage—capacity profiles for the as-prepared
LiSng.0125Mn1. 97504 thin films galvanostatically cycled at a
current rate of 330 mA /g. (Copyright 2008 American Insti-
tute of Physics [52]).

the degradation of the electrochemical performances due
to the concentration at charge in the sharp points on the
film surface.

Figure 5 shows the voltage profiles for the 1st,
5th, 10th, 20th, 30th, and 40th cycle for the
LiSng.g125Mn1 97504 thin film. No distinct plateau was
seen in the 4 V regions, a promising result of the cy-
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Fig. 6. (Color online) (a) Discharge capacity and (b) ca-
pacity retention of LiSng,/sMna Oy (x = 0, 0.025 and 0.05)
thin films galvanostatically cycled at a current rate of 330
mA /g until the 90th cycle. (Copyright 2008 American Insti-
tute of Physics [52]).

cling evaluation. The occurrence of a plateau is known
to often induce unstable operation and electrical break-
down [42]. Figure 6 shows capacity plots of the thin
films as a function of the number of cycles. In partic-
ular, the LiSng gi1205Mni 97504 thin film showed an im-
proved initial discharge capacity of ~120 mAh/g, which
is much higher than the voltage of ~100 mAh/g for the
undoped LiMnyOy thin film. The capacity retention of
the LiSn0,0125Mn1.975O4 film was 81% of the first dis-
charge capacity after 90 cycles at the higher current rate
of 330 mA /g corresponding to an approximate rate of 4
C. The 4 C rate is much higher than the regular one
reported in the literature [43,44]. The improved ca-
pacities of the Sn-substituted thin films are believed to
be associated with the increase in the number of site
available for the lithium intercalation/deintercalation in
the manganese-deficient LiSn,, /oMny_, Oy structure [45].
The shortening of the Mn-O bond length by Sn substitu-
tion seems to cause migration of the lithium ion into the
spinel structure easier because it increases the space for
the 8a tetrahedral and the 16¢ octahedral sites for the
lithium intercalation/deintercalation [46].

For the case of LiSng.g25Mnj 9504 with a higher Sn

substitution, the observed lower cyclability of 44% is
assumed to have been induced by the excessive Sn,
which leads to interference with the Mn3*-Mn** conduc-
tion paths and the inhomogeneous occurrence of charge-
discharge [47,48]. As a similar case, studies of yttrium-
substituted LiMnyO4 has found that the excessive sub-
stitutions of Y damaged the cyclability seriously [49].
Figure 7(a) illustrates the Mn K-edge X-ray absorp-
tion spectra of as-prepared and cycled LiMn,O4 and
LiSn, /oMny_, Oy films as compared to standard samples
of MnO (Mn?*) and MnO, (Mn**). Based upon the cal-
culation [50] of the molecular excited states of (FeOg)~'°
and the experimental results of the Mn;O3, MnOs and
LiMn2O4 powders [51], we ascribe the weak pre-edge
peaks A; and As in all samples to quadruple transitions
from 1s into the final 3d states of ¢,, and e, symmetry.
The shoulder B in Fig. 7(a) is also assigned to excitation
from the Mn 1s to a p-like state of t1,, symmetry. From
the observation of two different B; and By absorption
peaks, one can easily conjecture that two different Mn
sites (Mn3* and Mn**) coexist in the spinel structure of
LiMn2O4 and LiSn, /,Mny_,O4. The other peaks, C and
D, may arise from the shape resonance in the continuum
part of the spectrum and from multiple scattering reso-
nances. With respect to the energy separations between
the peak of B (the mean energy position of B; and Bs)
and the peak of C shrinking in all-cycled LiMnsO,4 and
LiSn, /oMny_,O4 samples, the cause may be related to
the change in the interatomic distance and the site sym-
metry over the repeated Li intercalation/deintercalation.
Figure 7(b) shows the O-K edge NEXAFS spectra of the
as-prepared and cycled LiMnzOy4, and LiSn, /oMnz_, Oy
samples. In Fig. 7(b), the spectrum can be divided into
two regions: the first region below the energy of 535
eV (labeled O1, Oz) and the second region above 535
eV with an additional structure (O3—0s5). According to
molecular orbital pictures, O; and Os are generated by
the excitation from the O 1s core level into the ¢,, and eg
bands, respectively, and the peaks at the higher energies
(O3—03) are due to the transitions to antibonding O 2p
and Mn 4s- and 4p-related bands. When the spectra of
the as-prepared and the cycled samples are compared,
two highly interesting points arise. The first is the slight
shift of the nearly 1 V toward the higher binding energies
of the ey, level along with the broadening of ligand-field
splitting (10 Dq) from 1.1 to 1.8 eV after the cycle test.
The second is the disappearance of the O; peak in the
cycled LiMI’lQO4 and LiSHO_025MH1_g504 samples, not in
the LiSng.g125Mni 97504 sample. Such an energy shift
and broadening typically occur due to variations in the
bond lengths and angle local in the local crystalline struc-
tures of spinel lithium manganese oxide, as previously
observed in TiOs with similar crystalline symmetry [53].
This result is in good agreement with the fact that the eg
orbitals are more sensitive to the local environment then
the to4 orbitals. Although the relative intensity of ta, /e,
becomes low in the cycled LiSng g125Mnj. 97504 sample,
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(NEXAFS) spectra of LiSn, /sMna_,O4 (z = 0, 0.025 and 0.05) thin films before and after cycle tests: (a) the Mn K edge. And
(b) O K edge. (Copyright 2008 American Institute of Physics [52]).

@ c-LiMnO, s
O t-Li,Mn,O,
s S: substrate

Lisnn.uzsmnmsoa

LiSn, Mn O

00125 1.975 4

Intensity (arbitrary units)

LiMn,0,

20 30 40 50 60
20 (degree)

Fig. 8. (Color online) X-ray diffraction patterns of pulsed-
laser-deposited thin films showing the effect of Sn substitution
on phase transition after a long cycle test. Thin films contain-
ing Sn elements in the stoichiometry LiSn,/sMna_,O4 (z =
0.025) showed little phase transition according to XRD [52].

the existence of the tgg peak in LiSn0,0125Mn1_975O4 is
closely related to the improved cyclability and can serve
as a feasible criteria for determining when the degrada-
tion initiates in the cyclability test.

Figure 8 shows the XRD patterns of pulsed-laser-
deposited LiSn, /sMny_,O4 (2 = 0, 0.025 and 0.05) thin
films after a long cycle test. The LiSng.g125Mnj 97504

thin film showed the least phase transition from cu-
bic to tetragonal caused by the Jahn-Teller distortion.
The phase transition to tetragonal in the thin films of
LiSn, oMny ;04 (z = 0 and 0.05) during cycling was
noticeable, as evidenced by the peaks of LioMnsO,4 impu-
rities and the deviation of the main (111) peak at around
18.6° in the XRD patterns.

Figure 9 shows the surface microstructures of
LiSn, /osMny_,O4 (z = 0, 0.025 and 0.05) thin films af-
ter a long cycle test. Manganese dissolution was shown
to have occurred due to structural degradation caused
by the Jahn-Teller distortion and the disproportiona-
tion reaction. Especially, the cycled thin films of x
= 0 and 0.05 showed much the dissolution of the film
and many precipitated particles. The precipitated par-
ticles in pulsed-laser-deposited LiMns Oy thin films after
cycling are known to be result corresponding to cyclic
degradation [54].

Sn-substituted LiMnyOy thin films prepared by using
pulsed laser deposition showed an exceptionally strong
cyclability, which is highlighted by the capacity retention
of ~81% at the unusually high current rate of ~4 C. The
films also showed a higher initial capacity of 120 mAh/g.
These promising values are preferred as for the active
materials that is to be used as an anode for a thin film
lithium battery.
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Fig. 9. SEM images for the surfaces of pulsed-laser-
deposited LiSn,osMna_,O4 (z = 0, 0.025 and 0.05) thin films
after a long cycle test.

4. Sn-Substituted LiMn;O4 Thin Films Pre-
pared by Solution Deposition

Preparation of starting solutions. Lithium acety-
lacetonate CH3COCH=C(OLi)CH3 (97%, Aldrich),
manganese (IIT) acetylacetonate Mn(CsH7Oz2)3 (techni-
cal grade, Aldrich), and tin (II) acetate Sn(CH3COz),
(Aldrich) were completely dissolved into a common so-
lution of 1-butanol (> 99%, Junsei) and acetic acid (>
99.7%, Aldrich) by stirring for 20 h. The concentration
of the starting solutions was fixed at 0.3 M.

Film formation by spin-coating. Thin films were pre-
pared on Pt/Ti/SiO,/Si(100) substrates (10 x 10 mm?)
by using solution deposition, viz. spin-coating with the
0.3-M starting solution. The spin-coating was performed
at 4000 rpm for 30 s. The steps of spin coating and pre-
heating at 310 °C were repeated up to eight times. The
films were finally annealed at 750 °C for 5 min in an Og
atmosphere by using a rapid thermal processor (KVT,
KVRTA-R40). The thickness of films was ~140 nm.

Microstructural analyses. The surface roughness
of the LiSn, /,Mny_,Oy4 thin films were observed by us-

Fig. 10. SEM images for the surfaces of LiSn,/;Mna—»O4
thin films showing the microstructure caused by Sn substi-
tution: (a) x = 0, (b) x = 0.05, (¢) = = 0.1, and (d) =z =
0.2.

ing atomic force microscopy (AFM) (Veeco, Dimension
3100).

Electrochemical measurements. The charge/dis-
charge was performed at a current rate of 300 mA /g at
voltage between 3.0 and 4.5 V.

Spectroscopic analyses. XPS spectra were col-
lected on a PHI 5800 ESCA system with a monochro-
matic Al Ko (1486.6 ¢V) anode (250 W, 10 kV, 27 mA).
The deconvolutions of the narrow scan peaks of the Mn
2p and the Sn 3d core-levels related to each portion of
Mn3*, Mn*t, Sn?*, and Sn*t were performed by us-
ing the program SDP 4.0 (XPS international, LLC) by
using the Shirley baseline and the 90/10% ratio of Gaus-
sian/Lorentzian function. Mn K-edge X-ray absorption
spectra were recorded at the 3C1 beamline at the Po-
hang Light Source (PLS) with a ring current of 130 —
185 mA at 2.5 GeV. A Si(111) double-crystal monochro-
mator was employed. All spectra were recorded in the
transmission mode with a Ns-filled ionization chamber
and were calibrated by checking the first inflection point
of the Mn foil with the reference Mn K edge = 6539
eV. Fourier transformations (FTs) were performed by
using k? weighting. The theoretical parameters used in
the curve-fitting analysis were calculated by using the
program FEFF 7.0. An X-ray diffractometer (Rigaku,
RINT 2000) with Cu K« radiation was used for phase
identification.

Microstructures of thin films. Figure 10 shows the
surface microstructures of as-prepared LiSn, /oMny_, Oy
thin films. All surfaces showed clear granular structures
with relatively uniform grain sizes. Grain size depended
on the content of Sn. Specifically, the z = 0.05 sample
exhibited a very uniform distribution of smaller grains.
Figure 11 represents the RMS (root mean square) values
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RMS: 7.44 nm RMS: 4.54 nm
Ra:5.76 nm R, 3.61 nm
RmaxZ 80.8 nm RmaxZ 34.6 nm

“os

RMS: 6.23 nm RMS: 10.5 nm
R,:4.85nm Ry 843 nm
Rux: 43.8 nm Rumax: 66.9 nm

Fig. 11. (Color online) AFM images for the surfaces of
LiSn, /2Mn2_104 thin films showing the surface roughness
due to Sn substitution: (a) z = 0, (b) z = 0.05, (¢) z = 0.1,
and (d) z = 0.2.

Fig. 12. SEM images for the surfaces of LiSn, /sMna_,O4
thin films showing the microstructural variation after a long
cycle test: (a) z =0, (b) z = 0.05, (¢) z = 0.1, and (d) z =
0.2.

measured by using AFM for the thin films containing
different Sn contents. These values match well with the
variation of the grain size. For instance, the =z = 0.05
sample showed the lowest RMS value of 4.54 nm, which
corresponded to smaller grain sizes. A large content of
Sn was assumed have formed an impurity, as shown in
Fig. 10(d).

Figure 12 shows the surface microstructures of
harshly-cycled LiSn,/sMny_,Oy4 thin films. The films
were dissolved in the liquid electrolyte; consequently, the
surface of Pt was revealed, except for the z = 0.05 sam-
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Fig. 13. (Color online) Capacity retention of

LiSn,/oMna_,Oy4 thin films up to 500 cycles. (Copyright 2009
Elsevier B. V [55]).
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Fig. 14. (Color online) XRD patterns of LiSn, /sMna_,O4
thin films as prepared and after the third cycle. (Copyright
2009 Elsevier B. V) [55].

ple. The cycled film with x = 0.2 in Fig. 12(d) showed
severe collapse of the film structure and precipitated par-
ticles. Therefore, the film with x = 0.05 was assumed
to be the most resistive to Mn dissolution and capacity
degradation.

Electrochemical and physical properties of
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Fig. 15. (Color online) (a) Mn 2p XPS spectra, (b) deconvoluted profile of specific Mn 2p;3,, XPS spectra, (c) Sn 3d XPS
spectra, and (d) deconvoluted profile of specific Sn 3ds/; XPS spectra of LiSn, /2Mna_,O4. (Copyright 2009 Elsevier B. V [55]).

thin films. Figure 13 shows the cyclability of
LiSn, /oMny_,Oy4 thin films (z = 0, 0.05, 0.1, and 0.2)
up to 500 cycles. The capacity retention of the z = 0.05
thin film was 77% of the first discharge capacity after
500 cycles at the higher current rate of 10 C. The high
current rate of 10 C, which corresponds to a current rate
of 300 mA /g, has been found to differentiate cyclability
among samples.

Figure 14 shows the X-ray diffraction patterns of
LiSn, /oMnsy_,O4 thin films prepared by using the so-
lution deposition process before and after the third cy-
cle. All films were shown to have the identical cubic
phase with space group Fd3m regardless of Sn content.
No distinguishable secondary phase was observed at x
= 0.05. When the Sn content was x > 0.1, however,
precipitation peaks of both SnOs (110) and SnO (110)
were observed. The precipitation peaks of SnOs (110)
and SnO (110) were apparently observed for the samples
of x > 0.1 after the cycling test. SnOs and SnO are
thought to have been precipitated as an accompanying
result of the Mn dissolution, as well as SnOs and SnO
located outside the LiMnyOy4 lattice, which originated
from the disproportionation reaction during the cycling

test [56]. The disproportionation reaction was reported
in other similar systems including yttrium-doped spinel
LiMn, 0,4, where the substituting ions facilitated the dis-
solution of Mn [34].

Figure 15(a) shows the XPS spectra of the Mn 2;01/2
and the Mn 2p3z/, core levels of LiSn,/;Mnz_,O4 thin
films which result from the spin-orbit splitting. The
FWHM (full width at half maximum) larger than 3.5
eV for all the Mn 2p3 /5 peaks explicitly indicates coexis-
tence of mixed Mn®* and Mn* ions over the substitu-
tion range of Sn. The Deconvoluted Mn XPS profiles in
Fig. 15(b) denote the percentages of manganese content
that can be used to calculate the average valance states
of Mn between Mn3t and Mn**. Deconvolution was
precisely carried out with the binding energy positions
of Mn3* and Mn**t being fixed at 642.1 eV and 643.6
eV, respectively, and with a FWHM lower than 4.0 eV.
The = = 0.05 sample can be highlighted with a valence
state of 3.61, which is higher than the 3.50 value of pure
thin films, and the valance state becomes small as low as
3.56 and 3.50, at higher Sn contents of x = 0.1 and 0.2,
respectively. Such a slight increase in valence state for
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the z = 0.05 sample is assumed to be associated with the
replacement of Mn3" in the octahedral site (16d) with
Sn?* (Sn),,,) and with a Mn vacancy (V,;,,) to maintain
charge neutrality.

Figure 15(c) shows the XPS spectra of the Sn 3ds/,
and the Sn 3ds/, core levels of LiSnx/QMng_mO4 thin
films which result from the spin-orbit splitting. The peak
points of both the Snzds/ and the Snzds /5 core levels are
shifted to lower binding energies as the Sn content is in-
creased. This tendency means that the relative content
of Sn?* is more than that of Sn** at higher Sn contents.
The percentage of Sn content can be identified more def-
initely from the deconvolution profiles in Fig. 15(d). The
deconvolution was precisely carried out at fixed the bind-
ing energy positions of Sn?* and Sn** at 485.75 eV and
486.75 eV with the FWHM, respectively lower than 1.4
eV [57].

If all components of Sn?* and Sn** substitute for Mn,
the average valence states of Mn, based on calculations
using the Sn deconvolution data in Fig. 15(d) are 3.62,
3.71, and 3.91 at x = 0.05, 0.1, and 0.2, respectively. This
behavior of the average charge state of Mn can be under-
stood by comparing the ionic radii of Sn and Mn because
the relation of the ionic radii is Sn®* (0.930 A) > Mn?3+
(0.785 A) > Sn** (0.690 A) > Mn** (0.670 A) [10]. Con-
sidering the charge affinities and the sizes of Sn and Mn
ions, Sn?* and Sn** can effectively substitute for Mn3+
and Mn**, respectively. The average valence of Mn in-
creases when Sn?t substitutes for Mn3* whereas that of
Mn decreases when Sn** substitutes Mn**. As shown
in Fig. 14, the intensity of the SnO (110) peak increases
at a higher rate than that of SnOs (110) peak does with
increasing Sn content. This means that a small amount
of Sn?* substitutes for Mn3T at a limited solubility and
that most of the Sn* is located outside LiMn,Oy4 lattice
due to the large ionic radius of Sn?*. On the other hand,
more Sn** is assumed to substitute for Mn** than Sn?+
for Mn3t. Therefore, the average valence state of Mn
decreases at z > 0.1.

Figure 16 shows the Fourier transform (FT) magni-
tudes of k2-weighted Mn K-edge extended X-ray ab-
sorption fine structure spectra of LiSn, /,Mns_,O4 thin
films (z = 0, 0.05, and 0.1). The first two prominent
peaks around 1.3 A and 2.4 A are generated by simple
backscattering of photoelectrons from the first coordina-
tion shell of six oxygen atoms (Mn—O) and the second
coordination shell of cations occupying the six neigh-
boring 16d octahedral sites (Mn—Mn) [58]. As shown
in Fig. 16, the intensity of the nearest-neighbor Mn—0O
bond is greatly influenced by the Sn content, but that
of the Mn(Sn)—Mn bond [58,59] shows no change as Sn
content is varied from x = 0.05 to z = 0.1. From the
inset of Fig. 16, the intensity of the Mn-O bond shows
a maximum at x = 0.05 and then is attenuated close to
that of pure LiMn;O4 at x = 0.1. The peak intensity
and the broadness of FT spectra are known to depend
on the coordination number and the Debye-Waller fac-
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——x=0.1

FT magnitude
7/

1
v
FT magnitude
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Fig. 16. (Color online) Fourier-transformed EXAFS spec-
tra of LiSn, /sMna_;O4 thin films. (Copyright 2009 Elsevier
B. V [55]).

tors, which reflect thermal vibration and/or distortion
of bond. In this experiment, the variations of the peak
intensity mainly correlated to the distortion of Mn—O
octahedra because the temperature did not change. The
intensified peak of the Mn—O bond as shown in Fig. 16,
is related to both the increase in the Mn valence state
and the decrease in the local distortion around Mn ions
due to the Sn substitution [60]. Two possibilities exist
to increase the Mn valence through replacement of Mn3+
by either Sn?* or Sn** for keeping electroneutrality. In
this process, the probability of replacing Mn?*t by Sn2*
will be lower than replacing Mn?* by Sn** due to the
large ionic radius of Sn?*. Simultaneously, Sn** can
more easily replace Mn** because of very similar ionic
radii between Sn*t and Mn?**, and this is more proba-
ble than the replacement of Mn3* by Sn?* or Sn**. As
Sn content increases, the increase in the Sn*t—O bond
results in a homogeneous distribution of the M—O bond
length, but this reversely decreases the whole valence
of Mn. As a consequence, when doping with a small
amount of Sn (xz = 0.05), the distortion of MOg (M =
Sn and Mn) octahedral can be suppressed by Sn?* and
Sn** doping for Mn** in LiSn, sMn;_, 04 and the Mn
valence. However, the probability of replacing Mn by
Sn2* is quite lower compared to that of replacing Mn by
Sn*t. The Sn substitution up to x = 0.05 is suggested
to impose an optimal enhanced static ordering of Mn
and Sn in each coordination shell of the spinel structure.
The suppression of distortion at further Sn substitution
above x = 0.05, however, seems to be quite weakened due
to the decrease in the Mn valence due to the increase in
absolute amount of SnOs.
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IIT. CONCLUSION

This review is focused on developing novel LiMnyOy-
based electrodes for thin film batteries (TFBs) using by
Sn substitution. This study provides the most significant
breakthrough for the realization of TFBs because it sug-
gests the solution to overcome the current obstacle, the
degradation of battery operation caused by Jahn-Teller
distortion.

The thin films were galvanostatically cycled at quite
high current rates of > 4 C in the voltage range of 4.5 —
3.0 V. The high load-current and cyclability are critical
in this study because the expected applications of our
materials are based on small-sized devices such as USNs
(ubiquitous sensor networks) and RF-IDs. Therefore,
the harsh conditions were used, i.e., the high current
rates > 4 C and the wide potential range of 4.5 — 3.0 V
considering the former usage.

As a preliminary study of Sn-substituted LiMnoQOy-
based electrode materials, the synthesis with the sub-
stituents of SnO and SnOs was investigated by using the
conventional solid-state reaction. The identification of a
LiMn50, single-phase without impurities, implied that
synthesized LiMnsO4-based materials Sn could be incor-
porated into LiMnyO,4 spinel structure.

In an initial study on high cyclability electrode films,
new spinel Sn-substituted LiMnsO,4 thin films were fab-
ricated by means of pulsed laser ablation from the
targets in a preliminary study. Accordingly, Sn®*-
substituted thin films were prepared by using PLD. The
LiSng.g125Mn1 97504 thin films possessed a larger capac-
ity of ~120 mAh/g due to the Mn-deficient structure and
a higher cyclability of > 81% at 4 C after 90 cycles due
to the increase in the valence of Mn, or compared to the
capacity of ~100 mAh/g and the cyclability of ~65% for
LiMnyO,4 thin films, respectively. The near-edge x-ray
absorption fine structure (NEXAFS) analysis suggested
feasible criteria for determining the Sn content for sub-
stitution and the initiation of cyclability degradation.

The Sn-substituted LiMn,Oy4 thin films were fabri-
cated by means of solution deposition utilizing Sn (II) ac-
etate with a focus on the appropriate Sn content and the
mechanism for Sn substitution. The appropriate Sn con-
tent was x < 0.05 in LiSn, /2Mny_,O4. The improved
cyclability of solution-deposited LiSng g25Mnj 9504 thin
films was 77% at a current rate of 10 C after 500 charge-
discharge cycles, compared to 12% for LiMnyOy. The
superior cyclability was proven to be attributed to the
increase in the average valence state of manganese and
the decrease in MnOg octahedral distortion in the spinel
structure, which had been demonstrated by using the ex-
tended X-ray absorption fines structure (EXAFS) iden-
tifying Mn(Sn)—Mn and Mn(Sn)—O bonds. The distri-
bution ratios of Mn?*/Mn** and Sn?*/Sn** were de-
termined by deconvoluting the Mn and the Sn narrow
scanned X-ray photoelectron spectroscopy (XPS) pro-
files. With the X-ray diffractions patterned for the as-

deposited and the cycled thin-film electrodes, the trade-
off effects of Sn?T and Sn** on the valence state of
Mn were examined. Beyond the optimal composition
of LiSng gosMnq 9504, further Sn substitutions had an
insignificant influence on the cycling performance. Ap-
parent precipitation of SnOs and SnO was observed for
the excessively Sn-substituted thin films after the cycling
test.
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