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Abstract

In this study, LiMaOs was fabricated with “Nano Inclusions” and the deth crystal
structure of the sample was studied by HAADF-STHMearvation with an electron beam tilted to the
specimen, electron diffraction, HRTEM observatidtAADF-STEM observation and electron
diffraction revealed that the “Nano Inclusions” wéocated within single LiMfD, crystals. HRTEM
observation clarified that the (100) plane of Lia and the (110) plane of ZnM@4 have a common
cubic close-packed oxygen arrangement and conoeetch other without forming grain boundaries,

due to similar atomic arrangements of Lija along the <100> direction and of ZnkOy along the

[110] and [iD] direction.

Introduction

LiMn 204 with a cubic spinel structure has been widely isichs a cathode material for
lithium ion batteries because of its nontoxicityaiability, low cost and safety. However, LilDy
suffers from severe capacity fading during chargd discharge cycles. Many trials have been
investigated for improving the cycle performancetsas by substitutidrt? of Mn with other elements
to restrain the phase transition and to stabilime d¢rystal structure, surface modificafibh of
LiMn 204 with other compounds to protect Mn from dissolnfistabilizing®°LiMn 04 spinel crystal

lattices with other spinel crystals inert to electremical reaction thorough common oxide ion
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arrangements.

Recently, we reported a novel improvement of thdecperformance for LiM#O4 by using

“Nano Inclusions”?° We added Zs8nQ; to the LbCO; and MnQ mixtures with a molar ration of Li :

Mn =1: 2, and calcined and fired the mixture a&®sult, within the LiMpO4 single crystals, nano-

scale thin plate-shaped Znhx crystals were induced, which we named “Nano Irichs’ after the

similar characteristics of “inclusions” in minerglp and their nano scale. “Nano Inclusions”

suppressed crack propagation caused by volume ekahuging the charge and discharge process and

prevented dead region formation, which causes #padty decreasél?* The discharge capacity

retention rates at the 100th cycle increased fra®62 for LiMnpO4 to 0.992 forx = 0.05 in (1-

X)LiMn 204-xZn,SnQ, for example. The cycle performance of LiMa with “Nano Inclusions” was

superior to that of LiMsO,4 without it.

In this study, we conducted the crystal chemical investigation of “Nano

Inclusions” in LiMn2Oa.

Experimental

LiMn,0O, samples were prepared with “Nano Inclusions” dedoas (1-xLiMn204-

xZn2Sn04 (x= 0, 0.02, 0.05) using the same method as our previous study. 2° Observation

of the cross section for the samples was studied by using high-angle annular dark-field
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scanning transmission electron microscopy (HAADF-STEM, HF-2210, Hitachi, Ltd.

Japan) at an accelerating voltage of 200 kV. Additionally, detailed HAADF-STEM

observations were carried out with electron beams tilted to the sample. Electron

diffraction patterns with the electron beam spot size 0.7 nm were measured to study the

crystal orientation. High-resolution transmission electron microscopy (HRTEM) were

carried out to clarify the atomic arrangement of LiMn204 and “Nano Inclusions”.

Results and discussion

Figure 1 shows HAADF-STEM cross section imageghaf samples. The particles of

LiMn 204 were observed. White lines were observed withinghrticles foxx = 0.02 and 0.05. The

width of the white lines were in the range of a fimns of nanometers. These white lines are “Nano

Inclusions”.

HAADF-STEM observation images with electron bedtrdito the specimen for the sample

of x=0.05 are shown in Figure 2. When one “Nano Isiolo’” indicated by a white arrow in the figure

is paid attention to as an example, it was lingsstaat -36.0 degree as in Figure 2 (a), it becaiderw

and wider as the angle increased, then it was-plaped at 29.9 degree as in Figure 2 (f). It was

confirmed from the above observation that the “NBmotusion” remained within the single LiM©4
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crystal for every tilting angle. Therefore, it isstribed that the “Nano Inclusion” was plate-shaped

and completely placed within the single Lip@x crystal.

HAADF-STEM images and electron diffraction pattefoisthe samples 0&0.02 and 0.05

are shown in Figure 3 (a) to 3 (h). Figure 3 (bj¢)3 and 3 (d) show electron diffraction patteats

points 1, 2, 3 of Figure 3 (a) far= 0.02, respectively. Point 1 and 3 belong togtay area which is

identified as LiMnOa. The electron diffraction patterns of point 1 éndre very similar to each other

indicating that both the atomic arrangement andadtientation at the points is the same. Point 2

belongs to the white line which is identified as thlano Inclusion”. The electron diffraction patier

of point 2 is very similar to those of point 1 ahdrigure 3 (f), 3 (g), and 3 (h) show electrorirdiftion

patterns at point 4, 5, 6 of Figure 3 (e) kor 0.05, respectively. Point 4 and 6 belong toatea

indicated as LiMpO4. The electron diffraction pattern of points 4 &alre similar to each other. Point

5 belongs to the white line area indicated as antNimclusion”. The electron diffraction pattern of

point 5 is very similar to those of point 4 andThese above results indicate that the electron

diffraction patterns of “Nano Inclusions” are siarito those of the surrounding LiMD. This means

that both the atomic arrangement and the oriematidghe “Nano Inclusion” is similar to those okth

surrounding LiMnO.. It is considered that the “Nano Inclusion” is nented to the LiMgD4 matrix

without forming a grain boundary.
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The lattice parameters aae0.82476 nm for LiMpO4 with cubic spinel structure on JCPDS
No. 35-0782 and=b=0.5720 nm,c=0.9245 nm for ZnMsO4 with tetragonal spinel structure on
JCPDS No. 24-1133. When the tetragdrattice is changed to the tetragoRdattice, it is calculated
that the lattice parameteras=b’=0.809 nm¢’'=0.9245 nm for ZnMsD4. The value o& for LiMn 204
is close to those ai'= b’ for ZnMmpO4. Figure 4 shows a schematic atomic arrangemetteof
projection view for the (100) plane of LiMOs and the (110) plane of ZnM@.. The atomic
arrangement of LiM#D,4 along the <100> direction is very similar to tbaZnMn,O4 along the [110]
or [110] direction. The {100} planes of LiMi®©4 and the (110) or (ﬂ) plane of ZnMpO4 have a
common cubic close-packed oxygen arrangement agnshioFigure 4. It is considered that such a
close lattice match and a common cubic close-packgden arrangement allow these planes to
connect to each other with a high affinity. Takittg HAADF-STEM images of Figure 2 into
consideration, it is concluded that ZnjMn spreads widely along these directions. Meanwttile,
value ofa for LiMn2O, is different from that ot’ for ZnMn,O4. Also, The close-packed oxygen
arrangement of LiM#D,4 along the <100> direction and that of Zn}®a along the [001] direction are
quite different from each other as shown in Figlurdt is considered that such a mismatched lattice
parameter and the quite different oxygen arrangémesvent ZnMpOs from growing into the

LiMn2O4 matrix.
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Figure 5 (a) shows a HAADF-STEM image for the sanpix =0.05 and Figure 5 (b)
represents the HRTEM image in the selected arekaddy a square in Figure 5 (a). As shown in
Figure 5 (b), it is indicated that the LiMB4 area and the “Nano Inclusion” area are well-recoagh
at an atomic scale, that the atomic arrangemesariinuously connected, and that there is no grain
boundary. Figure 5 (c) shows the correspondingHastier transform (FFT) pattern taking from area
1(LiMn204). The d-spacings derived from this FFT patternlwanvell assigned to the 022, 004, and
040 diffraction spots of LiMsD4 on JCPDS No. 35-0782 as indicated in Figure 5T(ae® indexes of
Figure 5 (c) can be interpreted as electron difioacpatterns for the (100) plane of LiM. Figure
5 (d) shows the corresponding FFT pattern takioghfarea 2(ZnMs0O4). The d-spacings derived
from FFT pattern can be well attributed to th&21 220, 004, and 24 diffraction spots of ZnMiD4
on JCPDS No. 24-1133 as indicated in Figure 5T(dg indices of Figure 5 (d) can be interpreted as
the electron diffraction pattern for the (110) @af ZnMnOa. Figure 5 (d) shows the FFT pattern for
the (110) plane of ZnM®4. Figure 5 (b) indicates that the (100) plane dfhiO4 and the (110) plane
of ZnMn,O4 are observed. The HRTEM image and the FFT pattewsaled the (100) plane of
LiMn .04 and the (110) plane of ZnMD4, which matched with the above mentioned latticapeeter
and oxygen arrangement model well. The (100) pt#naMn .0, and the (110) plane of ZnMQ4
have a slight mismatched atomic arrangement. Asdmee time, the (100) plane of LiMDy and the

(001) plane of ZnMsD4 have a largely mismatched atomic arrangementngakie HAADF-STEM
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images of Figure 2 into consideration, “Nano Inns” can be considered to have spread widely
along particular planes and not along other plafieerefore, ZnMpO4 grew in the LiMaO4 matrix
widely along the [110] and [Dl direction of ZnMnrO4 with the accompanying slight mismatch, which
prevented the ZnMi®4 layer from growing thick, therefore the Znb@y was shaped into a thin plane
or plate within the single LiMiD4 crystal. It is concluded that LiM®s and “Nano Inclusions”
connect closely without grain boundaries, that tNano Inclusion” was placed within a single

LiMn 204 crystal, and that “Nano Inclusion” forms as a thiane plate.

Conclusions

The crystal structure of LiM®s with “Nano Inclusions” were studied in detail by
conventional HAADF-STEM observation, HAADF-STEM @argation with the electron beam tilted
to the TEM specimen, electron diffraction, HRTEMdathe FFT patterns. Observation with the
electron beam tilted to the specimen revealedti&tNano Inclusion” was shaped into a thin plane
/ plate. The electron diffraction patterns revedhed the “Nano Inclusion” was placed within a $&ng
LiMn 204 crystal. It was revealed that the (100) plane idi.O4 and the (110) plane of ZnMD4
connected closely without grain boundaries by HRTBbMservation and the corresponding FFT

patterns.
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Figure 1

HAADF-STEM images of the samples: ¢a¥ 0, (b)x = 0.02, (c)x = 0.05.
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Figure 2

HAADF-STEM images with electron beam tilted to gmecimen of th& = 0.05 sample.
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Figure 3

Electron diffraction patterns for the samplexaf 0.02 and 0.05: A HAADF-STEM image »f£0.02

is Figure 3 (a). Figure 3 (b), 3 (c), and 3 (d) @lextron diffraction patterns at point 1, 2, 3 ajure

3 (a), respectively. AHAADF-STEM image »f0.05 is Figure 3 (e). Figure 3 (), 3 (g), anth3

are electron diffraction patterns at point 4, Bf &-igure 3(e), respectively.
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Figure 4

A schematic atomic arrangement of the (100) pldriehn O, and the (110) plane of ZnM@..

The black solid line shows the unit cell of Lib@y or ZnMnO4. Upper left and lower right figures

show the projection view of the (100) plane of Lida. The upper right figure shows the projection

view of the (110) plane of ZnM@,. The structures were drawn using VESTA softwfare.
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Figure 5

HAADF-STEM image, HRTEM image and the FFT patteshthex = 0.05 sample:(a) a HAADF-

STEM image, (b) HRTEM image, (c) and (d) the cquoesling FFT patterns taking from area 1 and



