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Abstract 

 

In-situ transmission electron microscope (TEM) observation of a LiMn2O4 nanowire battery was 

performed for revealing the mechanism of capacity fade out during 4 V charge/discharge 

reaction. LiMn2O4 crystal is a promising cathode material for lithium ion batteries (LIBs) 

because of the high natural abundance of manganese.  

This thesis consists of six chapters. In chapter 1, the structure of LIBs and the aging phenomena 

which is important issue for long life time of LIBs are introduced. To improve the life time, the 

aging mechanism, irreversible local structure change, is required to be understood. Therefore, 

real-time observation during charge-discharge cycles was performed by TEM. 

In chapter 2, as a new microscope method to image lithium ion behavior in LIBs, annular bright 

field (ABF) imaging was investigated. We demonstrated that lithium atoms in the diffusion 

channel of the spinel structure (a thin LiV2O4 crystal) were visualized and their number was 

countable one-by-one by using ABF imaging method: the lithium column intensity varied with 

increasing number of single lithium atoms in correlation with the thickness change of the 

LiV2O4 crystal.  

A through-focus series of ABF images of a thin LiMn2O4 crystal were observed in order to 

clarify the image mechanism. Contrast reversal of an atomic column depending on the defocus 

reversal proved the ABF imaging to be a potential imaging of individual atomic columns.  

The proportional relationship of the ABF image contrast to the number of ions has enabled us to 

study motion of ions through the contrast change accompanied with structure change. During 

the structural transformation of spinel LiV2O4 crystals into defective LixV2O4, ABF images 

revealed that lithium ions displacement from the tetrahedral sites induced the redistribution of 

vanadium ions at octahedral sites. In-situ ABF imaging of thin specimens is a promising method 

for investigating local structural transformations accompanied by lithium movement. 

The ABF image taken with a large convergence angle is sensitive to the top surface and is useful 

to image the surface profile of LIB electrode materials such as vacancy or adsorption. 

From the chapter 3, we focused on the structure change of a LiMn2O4 cathode material during 

the battery cycles. In chapter 3, the development of a “nano-battery” using LiMn2O4 nanowires 

is introduced. The LiMn2O4 nanowires were suspended on ionic liquid electrolyte placed upon 

Li4Ti5O12 anode. The nano-battery was observed to work as a 4V rechargeable battery, showing 

clear current peaks in the cyclic voltammetry.  

In chapter 4, during charge and discharge cycles, structure change was observed by in-situ TEM 

with simultaneous electrochemical measurement which was cyclic voltammetry. The LiMn2O4 

nanowire cathode was found to be changed partially into the tetragonal phase (Li excess state) at 
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the interface region adjacent to the electrolyte during the discharge process of the 4 V reaction 

(vs Li/Li
+
). The lithium ions were inserted into the nanowire at higher rate than diffused to the 

bulk-side of the nanowire. The tetragonal phase of the LiMn2O4 cathode was restored to be 

cubic phase without any fracture in the charge process. No fracture while cubic-tetragonal 

transition is promising for the long-life-time battery with LiMn2O4 nanowire cathode. 

In chapter 5, we developed a single nanowire battery for investigating lithium diffusion 

behavior in the bulk-side of LiMn2O4 nanowire. During a discharge-charge process, the phase 

boundary between Li-poor and Li-rich cubic structures was probed. The phase boundary 

advanced toward Li-poor phase during discharge process, indicating the volume of Li-poor 

phase decreased. The phase boundary movement reversed during charge process. However, the 

phase boundary was observed to move even after cathodic/anodic current stopped. It indicated 

that lithium ions diffusion was not limited by the phase transformation. The charge capacity 

estimated from the phase boundary movement was about 30 times smaller than the one 

estimated from the simultaneously obtained CV curve. The phase transformation is considered 

to occur at multiple positions along the nanowire simultaneously and to be completed with the 

time delay due to redistribution of lithium ions inside the nanowire after charge/discharge 

process. 

In this study, the phase transformation of a LiMn2O4 crystal during charge/discharge process 

was observed at the bulk-side of LiMn2O4 nanowire and at the interface region between 

LiMn2O4 and the electrolyte. Lithium diffusion inside LiMn2O4 nanowire was not limited by the 

phase transformation between Li-poor and Li-rich phases. However, the lithium insertion rate 

from the electrolyte into LiMn2O4 was still higher than the rate of lithium diffusion from the 

interface region to bulk-side of the LiMn2O4 nanowire.  

This study suggests that the 1-dimentional morphology is the most profit for a LiMn2O4 cathode 

material. It prevents the capacity fade out due to the severe volume change of LiMn2O4 crystals 

during the transformation between tetragonal and cubic phases. For the case of common 

batteries where whole body of a LiMn2O4 crystal is soaked in electrolyte the 1-dimentional 

morphology allow whole body of the nanowire to be regarded as interface region with 

electrolyte. It would enable fast charge/discharge process. 
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Chapter 1. Introduction  

 

 

 

During past two decades the lithium ion battery (LIB) market has increased (Figure 1.1). The 

recent commercialization of electric vehicle (EV) accelerates to increase the demand of LIBs 

(Figure 1.2). LIBs become one of the most important devices in today’s mobile society, being 

applied from small smart phones to huge energy storages [1,2,3,4,5].  

LIBs are required to have the higher battery performance – higher power, higher energy density, 

low cost and long lifetime (Figure 1.3) although current LIBs show prior performances to 

conventional rechargeable batteries such Ni-Cd and lead batteries [1,2,3,4,5]. For better battery 

performance, a lot of methodologies to design LIBs have been developed. Also, a huge amount 

of researches have been performed to understand the phenomena in LIBs such as lithium 

diffusion mechanism, surface chemical reaction, structure change and so on. 

In this chapter, we review the LIBs, our research object. The structure and issues of LIBs are 

given in section 1.1, the structure and electrochemical properties of LiMn2O4 cathode materials 

in section 1.2. In section 1.3, the purpose of this study is given. 

 

 

Source : Unisource 

Figure 1.1. The change of rechargeable battery market value. 
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Figure 1.2. World electric vehicle production and lithium demand 

 

 

 

 

 

Figure 1.3 Now and future of LIB for electric vehicle from NEDO roadmap 2013 
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 1.1 Lithium Ion batteries (LIBs) 

 

  1.1.1 Lithium ion batteries of actual 

 

Lithium ion battery (LIB) was originated from lithium metal battery. Lithium metal battery was 

proposed in 1970s [1,6], but owing to the safety problem, lithium metal was alternated with 

electrode which is containing lithium ions and able to lithium-intercalation. In 1991, Sony and 

Asahi Kasei released the first commercial LIB [1], having same construction with current 

commercial LIBs: LiCoO2 cathode and graphite anode. 

Figure 1.4 shows the schematic geometric structure of the current LIB [1]. Cathode (positive 

electrode) and anode (negative electrode) is separated by electrolyte which have ionic 

conductivity but no electric conductivity. During discharge, due to the difference of 

electrochemical potential (voltage) between two electrodes, electrons are flows from anode to 

cathode (circuit current flow from cathode to anode). Inside the LIB, lithium ions are diffused 

from anode to cathode through the electrolyte. The chemical reaction during discharge is as 

follows; 

  Anode: LixC  x Li
+
 + x e

-
 + C 

Cathode: x Li
+
 + x e

-
 + Li1-xCoO2  LiCoO2 

 Overall reaction: Li1-xCoO2 + LixC  LiCoO2 + C 

During the charge/discharge reaction, the charge neutrality in cathode materials can be satisfied 

by changing the valance of transition metal ions.  

Figure 1.5 shows the electronic band structure of LIBs. The open circuit voltage (OCV, Voc) is 

given by the difference of electrochemical potential between cathode (μC) and anode (μA) [6]; 

eVoc =μC – μA 

Where e represents the electron charge. Thus, the higher cell voltage can be acquired by the pair 

of the cathode of the lower electrochemical potential and the anode of the higher one. 

 

Figure 1.4 The schematic of the structure and reaction in a lithium ion battery [1] 
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As mentioned above, electrolyte has to have no electric conductivity so as to avoid internal 

contact between cathode and anode (short circuit). Furthermore, electrolyte needs to have wide 

band gap, Eg. The lowest unoccupied molecular orbital (LUMO) have to be higher than the 

electrochemical potential of anode (μA). When μA is higher than LUMO of electrolyte, 

electrolyte is reduced, resulting solid electrolyte interface (SEI) layer formation at the 

electrolyte/anode interface [7]. The reduction of electrolyte (or formation of SEI) continues 

until the IR drop due to the SEI becomes the same with the difference between μA and LUMO. 

Similarly, the highest occupied molecular orbital (HOMO) of electrolyte have to be lower than 

the electrochemical potential of cathode (μC). If not, electrolyte is oxidized, resulting SEI layer 

formation at the electrolyte/cathode interface. If the formed SEI layer is not dense and stable 

enough to passivate the electrode, the cell capacity becomes fade out due to the decomposition 

of the electrolyte and the electrodes. 

 

 

 

 

 

 

Figure 1.5 The electronic band structure of LIBs. [6] 
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  1.1.2 Lithium ion batteries for future 

 

LIBs are subject to improve the following four properties: high power (V), high energy density 

(C/g and C/cm
3
), low cost and long lifetime (calendar and cycle lifetime). For these four 

properties, the required properties of each component are listed in Table 1.1. 

LIBs consist of three components – cathode, electrolyte and anode. Among them, in this study, 

cathode materials are focused. Widely used cathode material is LiCoO2. LiCoO2 has high 

reaction voltage (~4 V) and relatively good energy density (~140 mAh/g) [1,8]. Furthermore, 

LiCoO2 shows good cycle properties of small capacity fading rate, and is easily obtained by 

simple synthesis methods. However, LiCoO2 costs high due to cobalt of a limited reserve. To 

improve the four properties, other material systems having low amount of or having no cobalt 

are under consideration. 

Figure 1.6 shows the voltage versus capacity for cathode materials presently used or under 

considerations for the next generation of rechargeable Li-based cell. Among them three systems, 

LiMn1/3Ni1/3Co1/3O2, LiFePO4, LiMn2O4 marked by red circles have been developed extensively 

and shown good cycle property. LiMn1/3Ni1/3Co1/3O2 shows relatively high energy density 

(~170mAh/g), and costs lower than LiCoO2 by substituting cobalt ions with manganese and 

nickel ions [9]. LiFePO4 costs lowest because of not using cobalt [10,11]. Some challenge has 

been undertaken to increase the low reaction voltage (~3.5 V) by replacing iron with other 

transition metal such as manganese and cobalt [11,12]. LiMn2O4 is one of the most promising 

cathode materials due to high reaction voltage (~4 V) and costs low [13]. LiMn2O4 is 

commercialized as LIBs for electric vehicles (EVs). Spinel structure which LiMn2O4 have gives 

higher reaction voltage, e.g. 5V, by substituting manganese with other transition metal ions (Cr, 

Fe, Co, Ni, Cu) [14,15,16]. Among the substituted spinel oxide, LiNi0.5Mn1.5O4 shows stable 

charge/discharge cycle property [17]. 

Recent development of EV requires fast charge/discharge rate in addition to the four properties. 

For fast charge/discharge, the morphology of cathode materials became the subject to be 

designed. Figure 1.7 shows nano-structured cathode materials – mesoporous crystals [18,19] 

and crystalline nanowires [20,21]. During fast charge/discharge rate, more than 30 C, 

nano-structured cathode materials show capacity retention, 50 % higher than that of the 

commercial powder [18,20]. It is important issue to reveal the mechanism of such high 

retention for fast charge/discharge cycles. 
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Table 1.1 The required properties of LIB components 

 

    

 

 

Figure 1.6 Voltage versus capacity for cathode materials presently used or under considerations for the 

next generation of rechargeable Li-based cell (NEDO roadmap 2013). Black plus shows current 

properties and arrows, developing tendency. Mainly developed three systems are marked by red circles. 

Spinel system showing high voltage is marked by a red rectangle. 
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Figure 1.7 (a) TEM images of mesoporous LiMn2O4 crystals [18] (b) SEM and TEM images of the 

synthesized single crystalline spinel LiMn2O4 nanowires. [20] 
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  1.1.3 Interface between electrode and electrolyte  

 

The interface between electrode and electrolyte is the place where lithium ions are inserted and 

extracted. The interface structure can affect the lithium movements and can be changed by 

lithium movements. The interface structure can also be changed by the electronic structure of 

electrode and electrolyte, resulting formation of solid electrolyte interface (SEI) layer as 

mentioned in section 1.1.1. Such interface structure changes have been the issue for improving 

the battery performance.  

The changes of the interface structure have been investigated with various techniques, such 

electrochemical measurements, spectroscopy, diffraction and microscopy. Electrochemical 

measurement such as impedance spectroscopy [22,23] is one of the most popular methods to 

monitor the interface structure. The impedance and capacity change due to the structure change 

at the interface is monitored by analysis with a model equivalent circuit. By using impedance 

spectroscopy, it is able to obtain not only the resistance and capacity of the interface between 

electrode and electrolyte, but also the conductance of each element (electrodes, electrolyte, 

current collector) and the capacity of the interface between each element.   Potentiostatic 

intermittent titration technique (PITT) has been also reported to be able to monitor the resistance 

to surface reaction of electrodes [24] 

The SEI formation on anode has been investigated by Fourier-transform infrared and Raman 

spectroscopy studies [25,26]. The formation process and the composition of SEI layer have 

been identified in conjunction with electrochemical techniques [27]. The composition of SEI 

layer has also been investigated by X-ray photospectroscopy [28], energy dispersive analysis of 

X-ray [29] and electron energy loss spectroscopy [30]. The SEI layer on graphite anode for 

several electrolyte systems was classified in three types – well developed SEI, limiting 

intercalation and badly damaging electrode as shown in Figure 1.8 

The stability of electrode surface in electrolyte is one of interesting issues of LIBs. Ex-situ and 

in-situ X-ray diffraction (XRD) has revealed the change of the surface structure of electrode 

materials [31,32]. In-situ surface XRD study has been reported that the surface of LiMn2O4 

crystals changed for each stage of battery cycles as shown in Figure 1.9 [32]. The dependence 

of surface stability on the crystal plane was pointed out that the (111) plane is more stable than 

the (110) plane for LiMn2O4 crystals. This result has been reproduced by the electrochemical 

evaluating the nanoparticles whose surfaces are mostly the {111} planes [33]. 
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Figure 1.8 Three typical SEI layers and behaviors during battery cycles [7] 

  

 

 

 

Figure 1.9 The surface structure change of LiMn2O4 cathode materials for each stage from synthesis to 

after 10 cycles. [32] 
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Microscope techniques have given the important information about local structure. In-situ SEM 

has visualized the morphology change such formation of dendrites. Figure 1.10(a) shows the 

lithium dendrite at the anode surface after cycles [34]. Lithium dendrite, which can make short 

circuit, caused the explosion of lithium battery. Figure 1.10(b) shows the cupper dendrite 

formation at the cathode surface. The dendrites were formed due to the lithium insertion during 

discharge, and caused the physical fracture of cathode [35]. 

The locally changed structure of cathode material has been investigated by transmission electron 

microscopy (TEM) [36,37]. Figure 1.11 shows a TEM image of LiMn2O4 particles after 

discharge above 3.3 V vs Li/Li
+
, where the surface has transformed into the tetragonal phase 

from the cubic phase [36]. Such structure change localized at surface area was proposed to 

cause capacity fading out; Large lattice mismatch of the tetragonal and cubic phase (18 %) can 

cause physical fracture of LiMn2O4 particles [37,38]. TEM technique coupled with electron 

energy loss spectroscopy (EELS) has been revealed the inhomogeneous distribution of 

transition metal ions in cathode materials after charge/discharge cycles [39]. Figure 1.12 is the 

EELS mapping of Ni
2+

 distribution in LiNi0.8Co0.15Al0.05O2 cathode materials before and after 

500 cycles. After the cycles the nickel ions (Ni
2+

) have increased in vicinity of grain boundary, 

which suggests the formation of NiO-type phase. It indicates that the capacity fading out of 

LiNi0.8Co0.15Al0.05O2 cathode materials is originated by the formation of inactive NiO-type phase 

at the grain boundary. 

 

 

Figure 1.10 (a) The SEM image of lithium dendrites on the surface of lithium anode [34]. (b) In-situ 

SEM observations of a Cu2.33V4O11/Li cell during charge/discharge cycling. The cell was initially 

dischared (a~d), and then charged (e~f). The energy-dispersive X-ray spectrometry mappings are shown 

in d (the red and green colours for Cu and V metal) [35] 



 

15 

 

Recently, in-situ TEM observations have been performed on various electrode materials, Si, 

SnO and etc [40-49]. The atomic structure change as well as morphology change was 

monitored, giving hints of physics and/or chemistry of batteries. However, simultaneous 

electrochemical measurement has not been obtained. The relationship between electrochemical 

properties and structure change is important for understanding the dynamics of lithium diffusion 

and phase transformation. The dynamics which the battery reaction follows is important issue 

for design of LIBs. 

 

 

 

Figure 1.11 (a) The TEM image of a LiMn2O4 crystal discharged above 3.3V vs Li/Li
+
 having two phases 

(indicated by black arrows). (b) The nano beam diffraction pattern obtained from bulk phase showing 

cubic spinel lattice. (c) The nano beam diffraction pattern obtained from the surface indicated by black 

arrows in a showing tetragonal lattice [36] 

 

Figure 1.12 The Ni
2+

 distribution EELS mapping in LiNi0.8Co0.15Al0.05O2 cathode materials before and 

after 500 charge/discharge cycles. [39]  
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1.1.4 Aging Issues of cathode materials 

 

Cathode consists of active materials, conductive carbon, polymer binder and metal current 

collector. So, the aging mechanism of cathode can be distinguished by two classes. One is 

degradation of active materials, which is the storage host of lithium ions. The other is 

degradation of non-active materials, such oxidation of conductive particle, corrosion of current 

collector and binder decomposition (Figure 1.13) [50].  

The degradation of active materials can also be classified in two kinds of groups. One increases 

the impedance at the surface: Thick SEI formation by electrolyte decomposition and 

precipitation of new inactive phase. The other decreases the capacity of the active material 

particle due to micro-cracking, dissolution of matal ions and/or oxygen ions, and structural 

disordering. Ni-including active materials – LiNiO2 and LiMNiO2 (M=Mn, Co, etc) have been 

pointed out to be degraded by Ni substitutional defect at Li site (disordering) [51], new inactive 

phase formation and Ni dissolution [52]. Spine LiMn2O4 crystals have been pointed out to 

suffer from Jahn-Teller distortion [38], Mn dissolution [53], microstrain [54] and etc. 

Most of aging behaviors are local structural change of cathode materials. The aging mechanism 

is to be clarified by microscopy, the technique which gives the information about local structure. 

 

 

 

 

 

 

 

Figure 1.13 The schematic of aging behaviors of cathode. [50]  
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 1.2 Lithium Manganese Oxide 

 

  1.2.1 Structure-Spinel 

 

Lithium manganese oxide (LiMn2O4) crystal, one of the most promising cathode materials for 

lithium ion batteries due to the advantages of environmental harmlessness, great natural 

abundance, good safety and low cost [1,2,5,13], has the normal spinel structure. The normal 

spinel minerals have the formula AB2O4. Cations A are positioned at the tetrahedral site (8a), 

cations B are positioned at the octahedral site (16d) in the cubic close packed array of oxygen 

ions. For LiMn2O4 crystals, lithium ions occupy 8a sites and manganese ions, 16d sites [13] .  

Figure 1.14 shows the atomic structure of LiMn2O4 crystals. A MnO6 octahedron shares sides 

with neighbor MnO6 octahedrons, which align along the [110] direction. Along the [100] 

direction, the lines of MnO6 octahedrons are aligned with 4-folded screw symmetry. Lithium 

ions diffuse in the scaffold of MnO6 octahedrons in order of 8a-16c-8a-…. [55-57]  

Figure 1.15 shows the atomic structure of LiMn2O4 crystals of the [110] view. In this view, each 

atomic column contains only one kind of elements. In the rhombic unit cell (marked by black 

line in right side), there are two atomic columns, each of which contain lithium ions. They 

construct the lithium diffusion channel (8a-16c-8a-…). The atomic structure of LiMn2O4 

crystals viewed from the [100] direction is shown in Figure 1.16. 

  

Figure 1.14 The normal spinel structure of LiMn2O4 crystals. Red spheres are lithium cations,  blue ones 

are manganese cations and gray ones, oxygen anions which has the cubic close packed array structure. (a) 

spinel structure consists of 8 parts, each of which has one LiO4 tetrahedron and one Mn4O4 cube. (b) 

spinel structure expressed with polyhedra network. Blue one is a MnO6 octahedron, green one is a LiO4 

tetrahedron. 
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Figure 1.15 The atomic structure of LiMn2O4 crystals viewed from the [110] direction. Each atomic 

column consists of one element. Among Mn columns, there are two site, a and b. a site has twice high 

density of manganese ions as that in b site. The ratio of the ion density for all kinds of atomic columns 

along the [110] direction is as follow-Mn a:Mn b:O:Li=2:1:2:1. 

 

 

Figure 1.16 The atomic structure of LiMn2O4 crystal viewed from the [100] direction. In this view 

direction, Li column has only lithium ions, but Mn-O column has manganese ions and oxygen ions 

alternatively. 
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  1.2.2 Electrochemical properties and structure change 

 

The electrochemical reaction of LixMn2O4 crystals (0<x<2) is classified by two voltage ranges, 

3 and 4 V verse standard lithium electrode. Figure 1.17 shows the voltage profile of LixMn2O4 

crystals as a function of lithium composition, x (top of Figure) and capacity (bottom of Figure). 

In the profile, there are three plateaus - 2.7 V, 3.9 V and 4.1 V [6,13,58-60]. At 4.1 V, two 

phases, LixMn2O4 (x~0.1 [59,60]) and Li0.5Mn2O4 phases coexist (first order phase transition) 

[13,59,60]. At 3.9 V, Li0.5Mn2O4 crystal becomes LiMn2O4 by the lithiation of second order 

phase transition [13,59,60]. The voltage is shifted from 4 V to 3 V when the lithium insertion 

site is changed from tetrahedral site (8a) to octahedral site (16c) [6,58]. It corresponds to the 

point that the composition of lithium equals 1. At the 2.7 V, LiMn2O4 and Li2Mn2O4 phases 

coexist (first order phase transition) [58].  

Figure 1.18 shows the results of in-situ XRD, which shows the lattice parameter change during 

the discharge process in the range of 0<x<1 in LixMn2O4. In the range of 0.35<x<1, which 

corresponds to the 3.9 V reaction, only one phase was detected. While two phases were detected 

in the range of 0.35<x<0.1, which corresponds to the 4.1 V reaction. 

The structure of LixMn2O4 crystals for each phase is shown in Figure 1.19. LiMn2O4 crystals 

have the normal spinel structure mentioned in section 1.2.1. The LixMn2O4 crystals (x~0.1) have 

the spinel structure where lithium site (8a) is empty, but the scaffold of MnO6 octahedrons is 

maintained. The structure of Li0.5Mn2O4 crystals is not still identified despite of lots of previous 

studies [60-67]. 

 

Figure 1.17 The voltage profile of LixMn2O4 crystals as a function of lithium composition (top of Figure) 

and capacity (bottom of Figure). The corresponding differential capacity profile is shown in right-side. 

[6] 



 

20 

 

 

Figure 1.18 (a) Changes in LixMn2O4 cell parameter as a function of lithium composition, x during in-situ 

XRD measurement under the discharge rate of C/10. (b) Amount of each phase in the two-phase region of 

(a). [59] 

 

 

Figure 1.19 The atomic structure of LixMn2O4 crystals (0<x<2). (a) x~2, (b) x=1, and (c) x~0 

 

 

The LixMn2O4 crystals (x~2) have tetragonal phase shown in Figure 1.17 (a), where lithium ions 

occupy 16c sites instead of 8a site [58]. Due to the lithium composition, x=2, the valance of 

manganese ion is +3, and it induces the Jahn-Teller effect. The Jahn-Teller effect is due to the 

characteristic of electron structure of a manganese ion. The transition metals have the 

degenerated d electron orbitals: eg orbital and t2g orbital. When the valance of a manganese ion 

is +3, three electrons occupy t2g orbital and one electron occupys eg orbital. By geometrical 

distortion of the lattice, the degeneracy is removed and the overall energy can be lowered. (This 

distortion is called as ‘Jahn-Teller distortion’.) Thus, when the valance of a manganese ion is +3, 

the cubic phase changes into tetragonal phase due to the Jahn-Teller distortion. However, when 

a manganese ion has the valance of +4, the Jahn-Teller distortion does not occur because of no 

electron in eg orbital. The schematic of the Jahn-Teller effect is shown in Figure 1.20. The left 

state of Figure 1.20 [68] is the degenerated orbital, and the middle one is the state after lattice 

distortion.  
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Figure 1.20 The schematic of the Jahn-Teller effect. The left state is the degenerated electron state of a 

Mn
3+

 ion, the middle one is the state of distorted lattice due to the Jahn-Teller effect. The righ state is the 

degenerated electron state of a Mn
4+

 ion. 

 

  1.2.3 Aging issue of LiMn2O4 crystals at the 4V range 

 

The capacity fade of the aged LiMn2O4 crystals is the most serious issue to be solved. A lot of 

researches have been investigated to clarify the reasons for the capacity fade. The reported 

reasons are as follow:   

(1) Inset of the Jahn-Teller effect [36,38]: the tetragonal phases due to the Jahn-Teller 

distortion was found at the surface of the LiMn2O4 crystals discharged above 3.3 V 

vs Li/Li
+
. Since the tetragonal phase has large lattice mismatch with cubic phase 

(~6 %vol change), it has been pointed out to cause the physical fracture. 

(2) Mn dissolution [53,69]: 2 Mn
3+

 ions can be changed into Mn
2+

 + Mn
4+

. Mn
2+

 is 

dissolvable in electrolyte. As Mn ions are dissolved, the capacity of cathode 

materials becomes faded out. Also, dissolved Mn ions diffuse to carbon composite 

anode and make the carbon anode degraded. 

(3) Phase transformation [54,70]: Since the charge/discharge reaction at the 4V range 

is the two-phase reaction (first ordered phase transition), the lattice mismatch 

appears between the two phases – LixMn2O4 (x~0) and Li0.5Mn2O4. It gives the 

strain field and help to physical fracture. 

(4) Instability of high charged phase [71,72]: the Li-poor, high charged LixMn2O4 

(x~0, or λ-MnO2) is unstable, esp. above 55 ℃. It can be decomposed into MnO2 

and Mn2O3. During the decomposition process, Mn
2+

 ions appear and dissolved in 

electrolyte. 

Such reasons for capacity fade out have been proposed with various methodologies. However, 

the real time behavior of the lithium diffusion and phase transformation which cause the 

capacity fade has not been uncovered. It is necessary to reveal the dynamic aging behavior of 

LiMn2O4 cathode materials due to the lithium diffusion for improving the aging effect. 
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 1.3 Purpose 

 

For understanding the mechanism of the capacity fade, the local structure change caused by 

lithium diffusion behavior is required to be revealed, namely, observed by TEM. In this study, 

the issue is to observe the lithium diffusion behavior and the local structure change of LiMn2O4 

cathode materials in real time, and to obtain the electrochemical properties simultaneously 

during in-situ TEM observation: A set of the TEM images which reflect structure change and the 

simultaneously obtained electrochemical properties has never been reported yet. 

As a strategy for in-situ TEM observation, lithium imaging method, ABF imaging was 

investigated. Because ABF imaging is a powerful tool to visualize lithium ions at an atomic 

scale in real space. Second, we developed in-situ observation system which can obtain the 

electrochemical properties of pA-order current. Third, we fabricated the ‘nano-battery’ for 

in-situ observation. Finally, we performed in-situ TEM observation to clarify the lithium 

diffusion behavior and the local structure change in LiMn2O4 crystal.  

These obtained results are expected to contribute to design the better spinel system cathode 

materials by feedback (Figure 1.21). 

 

 

 

Figure 1.21 The relationship between understanding the aging (deterioration) mechanism investigated in 

this study and the goal to obtain good battery performance. 
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Chapter 2. Electron microscopy for LIBs’ materials 

 

 

 

 2.1 Introduction – Electron microscopy for LIB. 

 

Since the lithium diffusion from anode to cathode gives the electricity of LIB, how lithium ions 

diffuse and what hinders the lithium diffusion is the important issue to improve the battery 

performance. The monitoring of the lithium diffusion has been performed by electrochemical 

technique such cyclic voltammetry (CV), constant current cycling and impedance spectroscopy. 

These techniques give the information from the whole parts of a battery and useful to 

understand the mean reaction in the battery. However, for understanding of the lithium diffusion 

at a micro scale, the tool providing the information from local area is needed. TEM is one of the 

most powerful techniques, directly visualizing the local structure. TEM imaging is expected to 

visualize the lithium diffusion behavior in the electrode materials and in the interface area of 

electrode and electrolyte by in-situ.  

Recently, annular bright field (ABF) imaging in scanning transmission electron microscopy 

(STEM) has directly visualized the lithium atomic columns in cathode materials such LiV2O4 

[73], LiMn2O4 [74], LiCoO2 [75] and LiFePO4 [76]. The ABF imaging mechanism has been 

studied with thick specimen [77,78], However, the imaging mechanism of ABF image is still 

not fully understood.  

In this study, we investigated the ABF imaging mechanism for using in-situ observation and 

concluded that single lithium ion movement can be visualized during charge/discharge process.  

In section 2.2, simple introduction of aberration corrected electron microscope, R005, we used 

is given, and in section 2.3, simple introduction of TEM image contrast we used during in-situ 

observation. In section 2.4, the imaging mechanism of the ABF image investigated in this study 

is given.  
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 2.2 Aberration corrected electron microscope, R005 

   

Aberration corrected electron microscope, R005 was used in this study. Figure 2.1(a) shows the 

appearance of R005 microscope. The R005 microscope is equipped with double aberration 

correctors, one for STEM imaging and the other for TEM imaging, which cancel the positive 

spherical aberration of object lens by applying negative spherical aberration [79-81]. The 

electron gun is cold field emission gun (CFEG), which give narrow energy deviation, 0.3~0.5 

eV at the acceleration voltage of 300 kV. The chromatic aberration coefficient, Cc, is 1.65 mm. 

With the support from the equipments-Cs corrector, CFEG, and so on, the 47pm-resolution was 

achieved [82]. 

R005 is equipped with HAADF detector, ABF detector and EELS detector for imaging and 

analyzing. So, three kinds of images (information) can be obtained simultaneously. (The 

detector angle of ABF imaging is 1/2α~α, α is the convergent angle of the incident beam.) The 

brief ray path and detector position for STEM imaging is shown in Figure 2.1(b). 

 

 

Figure 2.1 (a) The appearance of aberration corrected electron microscope, R005. (b) Brief ray path and 

detector position for STEM imaging. 
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2.3 TEM imaging [83] 

 

Conventional TEM imaging visualizes the micro-structure of the materials (object) with the 

image contrast. The image contrast in TEM image originates from the transmission function of 

the object and the transfer function of the lens (mainly object lens), because the electron wave 

passed the materials is modified by the transfer function of the lens. The image contrast of TEM 

image can be written as follow: 

I(x) = |ψ(x)|
2
, ψ(x) = q(x) ⨂ t(s), t(x) = FT{T(u)} 

Where, I(x) is the image contrast as a function of position, x, ψ(x) is the wave function of 

electron magnified by lens, q(x) is the transmission function of the object observed, T(u) is the 

lens transfer function, ⨂  is the convolution operator and FT is the Fourier transform. 

The transmission function, q(x) is a function of the potential distribution inside the object, 

which changes the phase and the amplitude of the transmitted electron wave. If the thickness of 

the object is thick enough, the image contrast is mainly contributed by the modification of the 

amplitude of the incident electron wave (amplitude contrast). In other hands, if the thickness is 

thin enough, the amplitude of electron wave is almost retained. Instead, the image contrast is 

contributed by the modification of the phase of the incident electron wave (phase contrast).  

The transmission function of the object can be written as follow: 

q(x) = expiσ{V(x)+U(x)} 

where V(x) is the phase changing component of the potential, U(x) is the amplitude changing 

component of the potential and σ is the interaction constant, σ = 2meλ/h
2
. If the thickness of the 

object is thin enough (V(x)<<1,U(x)~0), the potential inside the objected can be approximated 

as the potential projected along the incident direction of the electron wave, projected potential, 

φ(x).  

V(x) ~ ∫(potential)dz = φ(x) 

q(x) ~ exp{iσφ(x)}~ 1- iσφ(x)                : weak phase object approximation (WPOA) 

 

The transmitted electron wave can be focused by using object lens. At the focal plane of the 

object lens, the wave is diffracted: strengthen each other and cancel each other depending on the 

diffracted angle (k position in reciprocal space). The diffracted wave makes diffraction pattern 

due to the periodicity (symmetry) of the atomic array in the object. The TEM image contrast 

consists of each diffracted wave. If one diffracted wave is interrupted by beam cutter such as an 

aperture, the contribution of that diffracted wave is cut and the image intensity (brightness) 

decrease at the area which have the lattice plane diffracting the cut wave (diffraction contrast). It 

is the principle of the bright field image and dark field image. 

The transmitted electron wave is modified by the transfer function of the object lens which 
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magnifies the transmitted electron wave at the first. The transfer function can be written briefly 

as follow: 

T(u) = A(u)exp{iχ(u)} 

Where A(u) is the aperture function and χ(u) is the aberration function:  

A(u) = 0 for u > u0, 1 for u < u0  (u0 is the size of the aperture or the lens) 

χ(u) = πfλu
2
 +πCsλ

3
u

4
/2 

Where f is the defocus and Cs is the spherical aberration coefficient, |u| = 2 sin(α/2)/λ and α is 

the scattering angle. The transfer function is the function of the aberration function which is the 

function of the defocus. Thus, the transfer function can be changed by the defocus. If the object 

is thin enough to satisfy the WPOA, the TEM intensity change from bright contrast to dark 

contrast as the sign of the defocus change. 
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 2.4 ABF-STEM imaging for visualizing Lithium 

 

ABF-STEM imaging has directly visualized the lithium atomic columns in cathode materials of 

LIBs. However, the imaging mechanism of ABF image is still not uncovered completely. Thus, 

we investigated the dependence of ABF image on thickness, defocus and convergent angle. In 

this study, we found that the ABF image contrast of an atomic column varied with the 

proportional relationship with the sample thickness, the number of ions in an atomic column. 

The ABF image gives an atomic column reversible contrast as the sign of defocus changes: dark 

contrast with overfocus, bright contrast with underfocus. These results are the evidence of the 

phase contrast, in which the potential change can be visible as contrast change. The 

visualization of lithium movement in cathode materials was demonstrated by in-situ ABF 

imaging during the phase transformation. In addition, the visualization of the ion vacancy at the 

surface of a cathode material by large convergent angle ABF imaging was discussed with the 

theoretical calculation.  

 

 

  2.4.1 Detection of Li movement at atomic level 

 

   2.4.1.1 Counting ions – thickness dependence  

 

In our previous work [84] (the work of master degree), it was found that the number of lithium 

atoms was countable in the individual diffusion channels of the LiV2O4 spinel structure. In the 

ABF imaging of STEM, the contrast of the lithium column intensity varied by a step of single 

lithium atoms in correlation with the thickness change of the very thin LiV2O4 crystal as shown 

in Figure 2.2. The experimentally obtained result was in accordance with theoretical simulations. 

This proportional relationship suggests that using ABF imaging, dynamic behavior of lithium 

atoms in the thin cathode material could be detected at the atomic scale with the intensity 

change of lithium atomic column. 
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Figure 2.2 (a) An atomic model of LiV2O4 crystals viewed from the [110] direction. The rhombic unit 

cell is indicated by bold black line. Dark blue spheres indicate the vanadium α column (Vα); blue, the 

vanadium β column (Vβ); gray, oxygen; and red, lithium. The crystal has a period of 0.583 nm along the 

<110> directions. The crystal structure is schematically depicted by a projection (left-side half) and in 

perspective (right-side half) to better illustrate the number of atoms in each atomic column. The number 

of vanadium atoms at the Vα sites is twice as many as those at the Vβ sites. (b) A typical ABF image of a 

wedge shape LiV2O4 crystal showing linear relationship between the ABF intensity and the number of 

lithium atoms shown in (c). Two black arrows connect the upper lithium columns in each rhombic unit. 

The image contrast of each column was enhanced by nonlinear scale. 
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   2.4.1.2 Phase contrast – defocus dependence  

 

The relationship between the ABF image contrast and the defocus gives the contribution of 

phase contrast in the ABF image and helps to understand the image mechanism of ABF imaging. 

For clarifying the relationship, we used the nanowire, whose thickness change is constant. 

Figure 2.3(a) illustrates the morphology of the observed LiMn2O4 nanowire. The nanowire has 

the [001] axis and {110} lateral surfaces truncated by {100} surfaces. The morphology was 

derived by ABF images observed with the electron probe propagating along the [100] direction. 

Figure 2.3(b) shows the geometry of atomic columns of the LiMn2O4 nanowire observed, and 

Figure 2.3(c) shows a typical ABF image. In Figure 2.3(b), the column indicated by red dots 

consists of one lithium ion per unit length (=0.825 nm) along the [100] direction. While the 

column indicated by green dot consists of one manganese and two oxygen ions per unit length 

(called as Mn-O column hereafter). The unit cell is shown by a square in Figure 2.3(b) and 

2.3(c), where Mn-O columns locate at the corner of the unit cell. In the unit cell in Fig. 2.3(c), 

the Mn-O columns show darker contrast. The four Mn-O columns aligned along the 

perpendicular direction of the nanowire axis had increasing number of Mn ions of 4, 4, 5 and 5, 

respectively: the number increases one-by-one for each two columns. The number of manganese 

ions was determined from quantitative analysis of the image intensity of the column (Figure 2.4), 

which is proportional to the dip-height of the Mn-O columns [84].  

 

 

Figure 2.3 (a) Schematic illustration of a LiMn2O4 nanowire with a truncated-square cross-section. View 

from the [100] direction. The yellow sheet corresponds to the focal plane. (b) Projection of atomic 

columns of the spinel LiMn2O4 structure: Green dots are Mn–O columns and red dots are Li columns. The 

bold rectangle shows the unit cell size of 0.825x0.825 nm2 in the (001) plane. (c) Typical ABF image of a 

LiMn2O4 nanowire. 
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Figure 2.4 (upper) The ABF image of the nanowire edge observed. (bottom) The image intensity 

corresponding the line indicated by the black arrow in the upper ABF image. The position of dips in the 

profile corresponds to the position of the Mn-O columns. The dip-height of the Mn-O columns changes 

monotonously with the step for every two columns. 
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Figure 2.5 shows through-focus series of ABF and HAADF images for the LiMn2O4 nanowire. 

Both ABF and HAADF images were observed simultaneously at the convergent angle of 30 

mrad (Figure 2.5(a) and (b)). The focal plane of the electron probe was changed by a step of 2 

nm in a range from +10 (over-focus) to -10 nm (under-focus). The ABF images in Figure 2.5(a) 

show reversible column contrast by the change of defocus sign: atomic columns show dark dips 

at the over-focus regime, while they, bright peaks at the under-focus one. The dark dip in ABF 

image observed at the defocus of +2 nm gave the highest contrast. The unit cell area is marked 

by a square in the Figure. The contrast corresponds to the position of atomic columns and no 

artificial contrast appears in the ABF image. The optimum-defocus which gives the maximum 

contrast is about + 2 nm. The HAADF images in Figure 2.5(b) showed bright column contrast 

regardless of the defocus. The maximum contrast is obtained at the defocus of about -2 nm.  

 

More quantitatively, the visibility of the Mn-O atomic column was measured as follow,  



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
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


  for HAADF images, 

Where Ic and Ibg are the image intensities of a column and background, respectively (Figure 

2.7d). The visibility of ABF image becomes positive when a column appears with dark contrast.  

Figure 2.6 summarizes the defocus dependence of visibility at the Mn-O atomic columns in 

Figure 2.5. The plots marked by diamond, square, triangle and cross are, respectively, the 

visibilities of the Mn-O columns in the 2
nd

, 3
rd

, 4
th
, and 5

th
 columns from the edge of the 

nanowire (Figure 2.3c). In these plots, the defocus difference due to the inclination of the top 

surface from the focal plane was included. These plots show similar defocus dependence of 

visibility for the 2
nd

 – 5
th
 columns, although they have different thickness. The visibility of ABF 

images shows maximum (about 0.8) at +2 nm, and negative values at under-focus regime. On 

the other hands, the visibility of HAADF images shows maximum (about 0.2) at -2 nm. The 

optimum defocus values of ABF and HAADF images were the same value, but different sign.  
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Figure 2.5 Through-focus (a) ABF and (b) HAADF images for convergent angles of 30 mrad. A white 

square in each focus series shows the unit cell of the spinel LiMn2O4 (see Fig. 1(b)). The images marked 

by red rectangles were obtained at the optimum defocus. At positive defocus, the focal plane of the probe 

is above the specimen surface.  
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Figure 2.6 The defocus dependence of the visibility of Mn–O columns. (a) ABF and (b) HAADF for a 

convergent angle of 30mrad. The plots show the visibility of the Mn–O columns in the 2nd–5
th

 rows 

running parallel to the truncated edge of the LiMn2O4 nanowire. The blue curves show the defocus 

dependence. The optimum defocus is shown by a red arrow, and the depth of focus is shown by a red bar. 

 

 

Figures 2.7(a) and (b) show the experimental ABF images of the LiMn2O4 nanowire at +2 and 

-6 nm in defocus, respectively. Figure 2.7(c) shows the intensity profiles along the lines 

indicated by an arrow in both Figure 2.7(a) and (b). Both intensity profiles are found to reverse 

in reference to the mean intensity, Im. The reversal of contrast indicates that the ABF image is 

contributed by phase contrast.  

The mean intensity was obtained by averaging the image intensity at the same thickness region 

in Figure 2.7. It increases monotonously as the specimen thickness decreases regardless defocus 

change (From left-side to right-side). It crosses the vacuum intensity, Ivac in vacuum region at a 

distance from the edge, since the specimen edge is truncated. Therefore, mean intensity reflects 

effective absorption of electrons by the specimen, electrons scattered out of the ABF detector. 
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Figure 2.7 ABF image of LiMn2O4 nanowire. (a) over focus image (+2 nm) and (b) under focus image 

(-6 nm). (c) Intensity profile of Mn–O columns along the [110] direction. The red curve is for (a) and the 

blue curve is for (b). The dashed line is the mean intensity (Im). (d) Intensity profile and definition of 

mean intensity (Im), vacuum intensity (Ivac), column intensity (Ic), background intensity (Ibg), and peak 

intensity (height) (Ip): Ic=Ibg+Ip.  

 

 

The annular detector placed within the bright field region must contribute to improvement of 

spatial and depth resolution [85]. From Cowley’s formulation of interpreting quantitative 

STEM image (Eq. (11) in ref. 85), the column intensity in the bright field image is expressed by 

(the second order term of φ(x) is neglected) 

            
   
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


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





 

Where φ(x) is a projected potential, σ, the interaction constant (2meλ/h
2
), T(u), transfer function 

of the probe forming lens and D(u), a detector function. The image contrast is determined by the 
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convolution of the projected potential and the “effective” probe function, ξ(x) given by 

             .2exp xixuxuTuduDxtx ir   


 

Therefore, the reversible contrast of ABF image is expressed by the term, 

    )(2 xxxI i 
 

 

Under the same condition with the experiments, the effective probe function, ξ(x), was 

calculated as shown in Figure 2.8. The sign of ξ(x) is changed from positive to negative defocus, 

in accordance with the contrast reversal of the observation. Contrast reversal by defocus is well 

known in conventional TEM images. In ABF images, but, no artificial contrast appears in 

contrast with TEM images. Therefore, the ABF images of thin specimens are given by the 

projected potential, “structure image”, irrespective to the focus condition. And the ABF image is 

expected to directly visualize the local potential change due to lithium ion movement. 

 

 

 

 

 

 

 

Figure 2.8 Imaginary part of the effective probe function, ξi(x) and probe function, t(x). 
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  2.4.2 Demonstration of Li movement imaging  

 

In the previous section, we investigated the ABF image mechanism and concluded that the 

potential change due to lithium ion movement can be visualized. In this section, we performed 

in-situ ABF imaging of electron beam induced LiV2O4 structure change to demonstrate the 

ability of ABF imaging of visualization of the potential change in Li columns. We used the 

convergent angle of 24 mrad. 

Figure 2.9(a) depicts the spinel LiV2O4 crystal viewed from the [110] direction. In this view, 

there are two kinds of vanadium atomic columns on the sides of the rhombic unit (indicated by 

the bold line): Vα and Vβ columns. Lithium columns are located on the diagonal of the rhombic 

unit, between the oxygen columns. The Vα column consists of 16d octahedral sites, while the 

Vβ column consists of alternating 16c and 16d sites. Since 16c sites are empty, the number 

density of occupied sites in the Vβ column is half that of the Vα column. Lithium ions occupy 

8a tetrahedral sites. The lithium column has the same number density as the Vβ column. The 

pair of lithium columns along the [110] direction forms a diffusion channel for lithium ions in 

the LiM2O4 spinel structure (M: transition metal such as V, Mn, or Ti) [55] 

 

 

Figure 2.9 (a) Schematic illustration of spinel LiV2O4 crystal viewed from the [110] direction. The top 

image is a perspective view and the bottom image is a top view in which the rhombic unit cell is indicated 

by the bold black line. Dark blue spheres indicate the vanadium α column (Vα); light blue, the vanadium 

β column (Vβ); gray, oxygen; and red, lithium. The crystal has a period of 0.583 nm in the {110} and 

[1-10] directions. (b) Schematic illustration of a defective NaCl structure of LixV2O4 (0 < x < 1) viewed 

from the [110] direction. Dotted circles indicate the positions of lithium columns in the spinel structure, 

which are vacant in the defective NaCl structure. Dark green spheres indicate the vanadium γ column 

(Vγ). 
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Figure 2.9(b) depicts a LixV2O4 (0 < x < 1) structure viewed from the [110] direction. It was 

modeled by experimental images taken after intense electron beam irradiation. The lithium 

columns in Figure 2.9(a) disappear, while Vγ columns consisting of 16c sites appear. Vanadium 

ions occupy half of the 16c and 16d octahedral sites, so that the Vα, Vβ, and Vγ columns all 

have the same number density. For x = 1, the model has the same structure as the defective NaCl 

structure of MgAl2O4 crystals [86]: Mg and Al ions are uniformly redistributed to 16c and 16d 

octahedral sites. 

In-situ ABF images of structural transformation were observed for a thin LiV2O4 specimen. 

Figure 2.10(a) shows the structural evolution for a single rhombic unit. The specimen thickness 

was estimated to be 3.2 nm by comparison with simulated images
1
: Vα column has 11 vanadium 

ions, while lithium column, 5 lithium ions. Dark dots appear at the positions of Vα, Vβ, oxygen, 

and lithium columns in Figure 2.9(a). Vα columns, which appear at the corner of the rhombic 

unit, are the darkest, followed by Vβ, oxygen, and lithium columns in order.  

The spinel structure is preserved from the first to the fourth image. From the fifth image (after 

40 s), the contrast of lithium columns starts to decrease until it almost disappears in the eighth 

image (after 70 s). Since the dark contrast depends on the number of ions in each column [84], 

the reduction in the lithium column contrast indicates that the number of lithium ions decreases 

due to displacement from the 8a tetrahedral sites. Following this displacement of lithium ions, 

two changes occur in the series of the ABF images. A dark spot begins to appear at the center of 

the rhombic unit cell (Vγ column) in the fifth image and its dark contrast gradually increases.  

In addition, the dark contrast of the Vα columns starts to decrease. The contrast variation for the 

atomic columns from the first to ninth image is plotted in Figure 2.10(b), where the contrast is 

defined as described in a previous report [84]. As the contrast of the lithium columns decreases, 

the contrast of the Vα and Vγ columns simultaneously change. On the other hand, the contrasts 

of the Vβ and oxygen columns (not shown) did not change much. At the completion of the 

transformation, Vα, Vβ, and Vγ columns have nearly the same contrast, suggesting that they 

contain the same number of vanadium ions. Thus, vanadium ions were evenly redistributed at 

the octahedral sites, which corresponded to a defective NaCl structure. 

 

 

                                                   
1
 In the simulated images, the dark contrast of Vβ columns increases linearly up to 5 nm and then 

fluctuates above 5 nm as well as those of the lithium and oxygen columns. That of Vα column increases 

linearly up to 2.3 nm and then fluctuates. The contrast ratio of Vα/O is constant (2.8) up to 2.3 nm, and 

gradually decreases as the thickness increases until 4.1 nm. The contrast ratio of Vα/Vβ columns is also 

constant (2.0) up to 2.3 nm, and gradually decrease to 1.0 at 4.1 nm. The average thickness was estimated 

to be 3.2 nm, since the ratio of Vα/O was 1.8 and Vα/Vβ, 1.5. 
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Figure 2.10 (a) A series of in-situ ABF images showing structure change from the spinel structure into a 

defective NaCl structure. The ABF images were obtained in 10 s intervals. (b) Evolution of the contrasts 

of the Vα, Vβ, Li and Vγ columns in the unit area shown in (a). Dots indicate the average column contrast 

and the error bars represent the standard deviations of the column contrasts of several equivalent columns 

in the rhombic unit.  

 

 

 

 

Figure 2.11 (a) ABF image of LiV2O4 crystal viewed from the [110] direction at the beginning of electron 

beam irradiation. The area is 2.06 × 2.19 nm
2
. (b) ABF image taken at the same area as that in (a) at the 

completion of electron beam irradiation. 
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Similar contrast changes during the structural transformation were observed for every rhombic 

unit cell (Figure 2.11). Therefore, the spinel structure of LiV2O4 crystal was confirmed to be 

transformed into the defective NaCl structure. No further structural transformation from the 

defective NaCl structure was observed on further electron beam irradiation. The in-situ ABF 

experiment reveals that vanadium ions rearrange into octahedral sites in response to the 

displacement of lithium ions from the tetrahedral 8a sites. 

Spinel LiV2O4 crystals has been reported to nucleate Li0.27V2O4 crystalline by extracting lithium 

ions electrochemically. The proposed structure has a layered NaCl structure. Vanadium ions in 

the spinel structure are redistributed, and occupy the 16c and 16d sites with the ratio of 1:8. 

Some of one ninth vanadium ions occupy 16c site in Vγ columns in the layered NaCl-structure 

Li0.27V2O4 crystalline, the Vγ columns should has less contrast than Vα columns in an ABF 

image. In the present study, the ABF image of the transformed structure shows same contrast 

between Vα and Vγ columns (same vanadium ion occupancy in 16c and 16d sites). Therefore 

the transformed structure was different from the structure of Li0.27V2O4 crystals. 

Lithium ions in the defective NaCl might be deficient because lithium ions has been reported to 

be ejected from LiC6 sample by intense electron beam irradiation [87].To determine the number 

of lithium ions in individual Vi columns (i =α, β or γ), ABF images were simulated for the two 

extreme cases of zero and six lithium ions in the Vi columns, since the specimen thickness was 

3.2 nm. But, the simulated contrast of the Vi column was different by only 5 % between them. 

Taking noise level in the ABF image into account, the number of lithium ions remaining in the 

Vi column could not be determined. 

In summary, we performed in-situ ABF imaging to observe the structural transformation of a 

spinel LiV2O4 crystal induced by intense electron beam irradiation. The spinel structure changed 

into a defective NaCl structure. We found that the displacement of lithium ions from the 

tetrahedral sites induced a redistribution of vanadium ions at octahedral sites. In-situ ABF 

imaging is a very powerful technique for visualizing the displacement of light elements in 

matrices. It provides complementary information to X-ray diffraction [88], neutron diffraction 

[89], electron diffraction [90], and nuclear magnetic resonance [91] for development of LIB 

electrodes.  
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  2.4.3 Surface imaging – convergent angle dependence  

 

The surface of cathode materials is the most active area during battery reaction since lithium 

ions are inserted or extracted through the surface and solid electrolyte interface (SEI) layer is 

formed at the surface of the cathode materials. Thus to monitor the surface condition is also 

very important. For visualizing the surface condition such ion defect, we investigated the new 

method, the ABF imaging with large convergent angle with experiment and theoretical 

calculation. 

First, we investigated the dependence of ABF imaging on the convergent angle. In Figure 

2.12, the focal series of ABF images of a spinel LiMn2O4 crystal viewed from the [100] 

direction are shown with the simultaneously obtained HAADF images. The images of the same 

sample were acquired with the convergence angle of 24 mrad and 30 mrad. The optimum focus 

of the 30 mrad-convergent-angle ABF image is +2 nm while that of 24 mrad one is +4 nm. The 

optimum focus of larger convergent angle ABF image is closer to the zero focus – the condition 

that the incident beam is focused to the top surface of the object.  

The depth of focus (DOF) also depends on the convergent angle (Figure 2.13). The DOF is 

defined as the focus range where the visibility was more than 70 % of the maximum value. The 

ABF images have the DOF of about 4 and 8 nm at the convergent angle of 30 and 24 mrad, 

respectively. The HAADF images show the DOF of about 8 and 12 nm at the convergent angle 

of 30 and 24 mrad, respectively. In both ABF and HAADF images, the DOF is narrower at 30 

mrad than at 24 mrad. If we assume a relation, DOF= C・λ/α
2
 [92-94], the present results gives 

C~2.3 for ABF images and C~3.5 for HAADF images. It indicates that the larger 

convergent-angle ABF image has the narrower DOF and also, ABF images have the narrow 

DOF than HAADF images. 
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Figure 2.12 Through-focus series of ABF images for convergent angles of (a) 30 mrad, (b) 24 mrad and 

of simultaneously obtained HAADF images for convergent angles of (c) 30 mrad, (d) 24 mrad. View from 

the [100] direction. A white square in each focus series shows the unit cell of the spinel LiMn2O4 (see 

Figure 2.3(b)). The images marked by red rectangles were obtained at the optimum defocus. 
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Figure 2.13 The defocus dependence of the visibility of Mn–Ocolumns. (a) ABF and (b) HAADF for a 

convergent angle of 30 mrad. (c) ABF and (d) HAADF for 24 mrad. The plots show the visibility of the 

Mn–O columns in the 2
nd

–5
th

 rows running parallel to the truncated edge of the LiMn2O4 nanowire. The 

blue curves show the defocus dependence. The optimum defocus is shown by a red arrow, and the depth 

of focus is shown by a red bar. 
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We also investigated the dependence of DOF on the convergent angle from the different crystal 

orientation, the [110] view direction. Figure 2.14 shows two through-focus series of ABF 

images observed from the [110] direction with the convergence angle of 24 mrad and 30 mrad. 

All atomic columns including lithium columns appear as dark dots at over-focus. Mnα columns 

are positioned at the corner of the rhombic unit marked by black lines in this view direction. As 

the defocus goes into under-focus, column contrast changes from dark to bright. This reversible 

contrast is same with the results obtained with the [100] view direction. Also, the ABF images 

obtained with the convergence angle of 30 mrad shows narrower DOF. The observed DOF 

values for 24 and 30 mrad are plotted by triangles in Figure 2.15(b) with error bar.  

The theoretical calculation of STEM image of a LiMn2O4 crystal was performed under the same 

imaging condition with the experiment. The calculation was performed with xHREM program 

[95] based on Multi-slice method. The detector semi-angle, β, was α/2 < β < α (α: the 

convergence semi-angle of the incident beam). The thermal diffusion scattering absorptive 

potential approximation was included with Weikenmeier-Kohl scattering factor. The 

Debye-Waller factors of manganese, oxygen, and lithium were assumed to be 0.84, 1.11, and 

1.07 Å
2
, respectively [96]. The slice thickness was 0.291 nm in the [110] direction. The cut-off 

scattering vector sinθB/λ was 4.5 A
-1

, where θB is the Bragg-angle and λ is the electron 

wavelength at 300 keV (λ= 0.00197 nm). The observed images were reproduced after 

convolving a Gaussian function to the calculated one. Gaussian function with a FWHM=65 pm 

reproduced the experimental images of 24 mrad, and those of 30 mrad [97]. The Gaussian 

function, effective source size [97], represents the blur due to residual aberrations, chromatic 

aberration, statistic noise and instrumental noises.  

The simulated images for α=24, 30, 50, and 100 mrad are summarized in Figure 2.15(a). The 

simulated images of α=24 and 30 mrad reproduce the experimental images, where all atomic 

columns appear as dark dots at over-focuses. As the convergence angle increases, DOF of ABF 

images becomes narrower. Then, well-resolved ABF image can be obtained only for the 

condition that the top surface of specimen is focused. It imposes that the ABF image with a 

large convergent angle, 50~100 mrad, is sensitive to the top surface profile.  

Following the accordance between the experiments and simulations, we calculated the ABF 

images of a large convergence angle to find imaging conditions for detection of a surface ion 

vacancy.  

 



 

44 

 

 

 

Figure 2.14 Through-focus series of ABF images for convergent angles of (a) 30 mrad, and (b) 24mrad. 

View from the [110] direction. The rhombic unit of a LiMn2O4 crystal viewed from the [110] orientation 

is indicated by black line in the both images. Apparent defocus (Δf) of ABF images are shown: +6 nm 

(overfocus) to −4 nm (under-focus). The depth of focus (DOF) is 5 nm for (a), and 3 nm for (b). 
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Figure 2.15 (a) Defocus series of simulated image of a LiMn2O4 crystal for a convergence angle (α) of 24 

and 30 mrad. The film thickness is 3 nm. The range of DOF is shown by white region. (b) The plot of 

DOF as a function of the convergence angle of the incident electron beam.  

 

 

The ABF images of the model which has ion defect (vacancy) at the top surface were calculated 

for large convergent angles of 50, 70, and 100 mrad. The defocus value was zero. Figure 2.16 

shows simulated the ABF images of manganese columns with and without one vacancy at the 

top surface. The convergent angle of incident beam was 100 mrad. In Figure 2.16(a), oxygen 

and Mnβ columns in the rectangled area align alternatively from the left to the right. The second 

Mnβ column from the left has one vacancy at the top surface. Although the Mnβ columns with 

and without a vacancy appear dark contrast, the intensity profile shows that one vacancy 

reduces the column contrast by 25 %.  

The simulated image of a 5nm-thick model is shown in Figure 2.16(b). The contrast of Mnβ 

with a vacancy decreases by roughly 25 % from that without vacancy. For the case of one 

manganese vacancy positioned at the middle of the column or at the bottom surface, the column 
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contrast reduced less than 3 %. Thus, one vacancy only at the top surface reduces the column 

contrast regardless to the film thickness. A smaller convergent angle of 50 mrad gave the 

contrast decrease by 10 % with the increased DOF, which can also gives the change of ABF 

image intensity by 10 % due to the existence of vacancy positioned at the middle point of the 

sample. 

Figure 2.17 shows the simulated images of the model with one lithium vacancy in the lithium 

diffusion channel. The convergent angle of incident beam was 100 mrad. In the area of the red 

rectangle in Figure 2.17(a), the lithium column at the left side has one lithium vacancy at the top 

surface. The other lithium column contains no vacancy (four lithium ions within the film 

thickness of 2nm). The lithium column with a vacancy gives less contrast than the other 

(without vacancy), as seen in the line profile. One lithium vacancy at the top surface reduced the 

contrast by roughly 20 %. Contrast decrease is the same amount for a 5nm-thick model (Figure 

2.17b). For the case of one lithium vacancy positioned at middle of the column or at the bottom 

surface, the column contrast was not reduced more than 3 %. Thus, a lithium vacancy at the top 

surface can be observed with a decreased column contrast. As the convergent angle became 

small, the contrast of the vacancy at the top surface reduced: 15 % with 70 mrad which could be 

used to detect lithium vacancy. 

 

Figure 2.16 Simulated ABF images of one manganese vacancy at the top surface: (a) 2 nm-thick and (b) 

5 nm-thick LiMn2O4 crystal. The convergence semi-angle of the incident beam is 100 mrad. The number 

in bracket is the number of ions in the Mn column without vacancy for a given film thickness. Intensity 

profiles show image contrast of oxygen and Mn columns in a red rectangle of each ABF image. Solid 

horizontal line in the profile is the image intensity of the columns without vacancy and, dashed line is the 

reference intensity [84]. Intensity profile of oxygen columns is shaded. 
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Figure 2.17 Simulated ABF images of one lithium vacancy at the top surface: (a) 2 nm-thick and (b) 5 

nm-thick LiMn2O4 crystal. The convergence semi-angle of the incident beam is 100 mrad. The number in 

bracket is the number of ions in the lithium column without vacancy for given film thickness. Intensity 

profiles show image contrast of lithium columns in a red rectangle of each ABF image. Solid horizontal 

line in the profile is the image intensity of the columns without vacancy and, dashed line is the reference 

intensity. 

 

 

 

Figure 2.18 The calculated ABF image contrast decrease due to one ion vacancy in 5 nm-thick LiMn2O4 

crystal as a function of the vacancy position from the top surface and the convergent angle. 
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The contrast decrease of the ABF image due to the ion vacancy as a function of the position of 

the vacancy and the convergent angle is shown in Figure 2.18. It is clear that the 

large-convergent-angle ABF image is sensitive to the top surface of the sample: In the 100 

mrad-convergent-angle ABF image, manganese vacancy and lithium vacancy can be detected by 

45 % and 20 % decreased contrast, respectively. The smaller convergent angle such as 50 mrad 

shows larger DOF and the deeper position which contributes to the image contrast maximum: 

the lithium vacancy position at the middle of the sample can be detected by 9 % contrast change 

which is higher amount than that of the vacancy positioned at the top of specimen. 

Surface imaging by ABF imaging with the large convergent angle is promising, although it 

needs further instrumental development: The convergent angle of 50 mrad at 300 kV had 

already been achieved [98].  

Chromatic aberration gives image blurring because of energy spread of the cold emission source. 

The blurring is represented by convolution of Gaussian function. According to convolution 

theorem, Gaussian function does not alter the relative contrast relation (the ratio of the vacancy 

contrast to the non-vacancy column contrast) but absolute image intensity. By using 

monochrometer [99,100], and/or chromatic aberration corrector [101-103], the ABF image 

with high contrast can be obtained. 

LiMn2O4 crystal was observed by ABF imaging with an aberration corrected STEM. In ABF 

images, all atomic columns including lithium columns are visible as dark dots at over-focuses. 

As the convergent angle increases, the optimum over-focus giving the maximum intensity 

approaches to zero-focus. The depth of focus (DOF) decreases, then, and ABF image becomes 

sensitive to the structure of the top surface: A manganese ion vacancy at the top surface gives 

the contrast reduction, 10% for 50 mrad, and 25 % for 100 mrad of the convergent angle. A 

lithium ion vacancy gives the contrast reduction of 15 % for 70 mrad, and 20 % for 100 mrad. 

This ABF imaging with the large convergence angle of the incident beam could provide the 

surface image of electrode materials of lithium ion batteries. 

 

 2.5 Summary 

 

Since the battery performance depends on the lithium diffusion from anode to cathode, the 

monitoring of the lithium diffusion is an important issue. For visualization of the diffusion 

behavior of single lithium ion, ABF imaging is a strong candidate because of its directly lithium 

imaging ability. However, the imaging mechanism of ABF image is still not uncovered 

completely.  

In this study, we investigated the ABF imaging mechanism for using in-situ observation by 

using aberration corrected electron microscope, R005. The ABF imaging for a thin sample 
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shows the characteristics of the phase contrast of which contrast has the proportional 

relationship with the projected potential of the sample. It supports that lithium ion movement 

can be visualized by in-situ ABF imaging. The visualization of the lithium movement during the 

phase transformation was demonstrated by in-situ ABF observation.  

The ABF image contrast also has the dependence on the convergent angle of the incident beam: 

the larger convergent angle give the narrower depth of focus. For monitoring the lithium 

movement in whole sample the small convergent angle is more suitable while for monitoring the 

surface of the sample, the large convergent angle.  

Therefore, in-situ ABF imaging is expected to visualize the single lithium ion movement in 

lithium ion battery materials during charge/discharge process.  
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Chapter 3. LiMn2O4 Nanowire battery for in-situ 

study 

 

 

 

 3.1 Introduction 

 

As summarized in section 1.2.3, aging of LiMn2O4 cathode has been studied to conclude several 

scenarios for the capacity fade out: Mn dissolution into electrolyte [53,69], micro strain 

[54,70] and fracture due to the Jahn-Teller effect [38,36]. These scenarios are by the fact that 

valance of the transition metal changes depending on the lithium concentration during 

charge/discharge cycles. Therefore, lithium concentration change or lithium diffusion process is 

the key process that correlates with the capacity fade out.  

Since lithium diffusion process depends on morphology, defects and electric field applied at the 

interface between electrode and electrolyte, we need microscope observation during charge/ 

discharge cycles to see time-dependent behavior of the LiMn2O4 cathode/electrolyte. Figure 3.1 

illustrates our experimental scheme of in-situ TEM observation. 

In this study, we developed a new nano-battery with nanowire LiMn2O4 cathode (hereafter, it is 

called ‘nanowire battery’). Also, a new TEM holder was developed for electrically biasing the 

nanowire battery in TEM. The electrochemical measurement system with the new TEM holder 

successfully measured the pA-order electrochemical properties of the nanowire battery. 
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Figure 3.1 The scheme of in-situ TEM observation of a new nano-battery. The nano-battery constructed 

with nanowire was charged and discharged in TEM. The observation is performed with TEM imaging, 

transmission electron diffraction (TED), ABF imaging and EELS.  
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 3.2 In-situ observation system for a nano-LIB 

 

Figure 3.2(a) illustrates the nanowire (NW) battery developed in this work. The nanowire 

battery consists of LiMn2O4 nanowire cathode, ionic liquid electrolyte (ILE) and Li4Ti5O12 

anode. The nanowire battery was built on the special sample stage shown in Figure 3.2(b). The 

sample stage was loaded in the homemade TEM holder which enables us to charge/discharge 

the nanowire battery. Two electrodes of the holder are connected with source measurement unit 

(K2635A, Keithley). The electrochemical properties of the nanowire battery were measured by 

cyclic voltammetry through electric circuit shown in Figure 3.2(d). During charge/discharge 

cycles, the structure changes of LiMn2O4 nanowire cathode was observed simultaneously by 

TEM and transmission electron diffraction (TED). The TEM holder has double tilt axes so as to 

orient the specimen for structure imaging. 

 

 

 

 

 

  

Figure 3.2 The concept of the in-situ observation system with a nanowire battery. (a) The schematic 

illustration of the nanowire battery with LiMn2O4 nanowire cathode. (b) The optical microscope image of 

the special sample stage for loading the nanowire battery for TEM observation. (c) The optical 

microscope image of the developed electric biasing TEM holder. (d) The equivalent circuit of the cyclic 

voltammetry that we used for evaluating the electrochemical properties of the nanowire battery. 
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 3.3 Structure of nanowire battery 

 

The nanowire battery consists of three parts – cathode, anode and electrolyte. Cathode is made 

of platinum current collector and LiMn2O4 nanowires as active materials. Nanowire shape 

LiMn2O4 crystals could be understood as a 1-dimensional model electrode of common powder 

active materials. The LiMn2O4 nanowires were chosen for understanding the inhomogeneity of 

active materials depending on the distance from the interface with electrolyte, of course, the 

nanowire shape giving the benefit of thin thickness of nanowire, easy to observation by TEM, 

which uses transmitted electron.  

Anode is made of copper current collector and Li4Ti5O12 crystalline powder. A Li4Ti5O12 crystal 

is well-known as the most stable anode activation materials. It has been reported the zero strain 

during charge/discharge reaction [104,105], which causes no stretching or shrinking during 

in-situ observation. A Li4Ti5O12 crystal also gives the clear electrochemical properties of count 

electrode (LiMn2O4 cathode in this study) due to its very flat reaction voltage [104,105].  

Ionic liquid is used as electrolyte due to its very low vapor pressure [106], which allows using 

in high vacuum chamber of TEM (~10
-6 

pa). In order to prevent the short circuit between 

cathode and anode, we make the slurry of ionic liquid electrolyte (ILE) and the powder of 

glass-ceramic solid electrolyte, OHARA sheet [107,108]. Since the ionic conductivity of ILE 

is higher than OHARA sheet [109], the powder of OHARA sheet behaves as only separator. 

(Without ILE, the cell does not work: no OCV, no charge/discharge properties is obtained.) 

The detail of each part is given in following section, and the detail of the construction of a full 

cell is given in Appendix. 

 

 

Figure 3.3 The optical microscope image of the nanowire battery. 
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  3.2.1 LiMn2O4 nanowire cathode 

    

LiMn2O4 nanowires are provided by Dr. Hosono and Dr. Zhou in AIST. LiMn2O4 nanowires are 

fabricated by using template method [20]. First, Na0.44MnO2 nanowires are fabricated by using 

hydrothermal synthesis. The obtained Na0.44MnO2 nanowires are washed and dried. After that 

the ion change between sodium and lithium is performed as soaked in the molten salt of lithium 

salt (LiCl+LiNO3) and washed. Finally, the products are sintered and then they become into 

LiMn2O4 nanowires. The LiMn2O4 nanowires have the normal spinel structure (shown in Figure 

1.13~15 in chapter 1). The detail about synthesis is written in Ref. [20]. 

For identifying the geometry of the nanowires, 20 nanowires were observed by TEM and were 

classified into mainly four kinds of geometry as shown in Figure 3.4. The largest number of 

nanowires (60 %) had the geometry shown in Figure 3.4(d), whose surface consists of the {111} 

planes. Second largest number of nanowire (30 %) had the geometry shown in Figure 3.4(a), 

whose surface consists of the (100) and (110) planes. Only one nanowire for each case shown in 

Figure 3.4(b) and (c) was observed (5 %, respectively). 

It is considered that the most of nanowires have the {111} surface planes because the (111) 

plane has lowest surface energy: The (111) surface in face-centered-cubic system has been 

known to have lowest surface energy due to high atomic density [110] and the dense oxygen 

layer along the (111) plane would packing lithium ions stably. The in-situ surface XRD study 

has also reported that the (111) plane is more stable than the (110) plane during charge/discharge 

cycles [32]. 

Small-diameter nanowires (φ~50nm) are mainly single crystalline as shown in Figure 3.5(a). In 

contrast, large-diameter nanowires have polycrystalline domains whose boundaries are mainly 

parallel to the nanowire axis as shown in Figure 3.5(a~c). Of course, some domain boundaries 

across the section of a nanowire are also detected as shown in Figure 3.5(c). Figure 3.5(e,f) 

shows the TED patterns obtained from the selected areas in Figure 3.5(d). Figure 3.5(e) shows 

the TED pattern from the [-122] view direction and Figure 3.5(f) shows the TED from the [011] 

view direction. For large-diameter nanowires, the number of domains also increase compared 

with small-diameter one. 
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Figure 3.4 Mainly observed four kinds of geometry of LiMn2O4 nanowires. The schematic of geometry is 

shown in upper panel and corresponding TEM and/or ABF-STEM images are shown in lower panel for 

each kind of nanowires.  



 

56 

 

 

Figure 3.5 Poly-crystal domains in LiMn2O4 nanowires: (a) thin nanowires have single crystal and (a~c) 

thick nanowires have poly crystals, whose domain is parallel to the nanowire axis. (a~c) are TEM images 

with large convergent beam (defocused Ronchigram mode image in STEM) and Kikkuchi bands are 

visible in nanowires. (c) The domain boundary across the section of a nanowire. (d) The TEM image of a 

nanowire showing two domains. (e,f) The TED patterns from two selected areas marked by black circles 

in (d). 
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  3.2.2 Li4Ti5O12 anode 

 

The Li4Ti5O12 anode was fabricated as follow: 

Li4Ti5O12 crystalline powder (Sigma-Aldrich,co.), engineering carbon product (ECP, Lion,co.), 

vapor grown carbon fiber (VGCF, Showa,co) and PolyVinylidene DiFluoride (PVDF, Kureha) 

were mixed following the weight ratio, Li4Ti5O12:ECP:VGCF:PVDF=80:8:2:10. The mixture 

was ground for 15~20 min. And then N-methylpyrrolidone (NMP, Kureha) was added and 

mixed until the viscosity became like honey. The mixture was spread on copper film (Hosen) by 

50 μm thick and dried in heated vacuum desiccators at 110℃ for 10hours.  

The obtained Li4Ti5O12 electrode was tested by making coin cell with lithium metal count 

electrode. The electrolyte was 1M LiPF4 in EC:DEC=3:7. Figure 3.6 shows the cyclic 

voltammetry of the coin cell at the scan rate of 0.2 mV/s. The oxidation current peak is 

symmetric with the reduction peak at 1.6 V vs Li/Li
+
. The reaction voltage was stable without 

significant changes during five charge/discharge cycles. 

 

 

 

 

 

Figure 3.6 The cyclic voltammogram of the coin cell consisting of The Li4Ti5O12 electrode and lithium 

metal count electrode. The scan rate was 0.2 mV/s. 
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  3.2.3 Ionic liquid electrolyte 

 

For in-situ TEM observation, ionic liquid electrolyte was selected as an electrolyte because its 

low vapor pressure which enable to perform the battery reaction, charge/discharge in the 

vacuum environment [106], namely, TEM chamber. 0.5 M Lithium N,N-Bis (trifluoromethane- 

sulfonyl) imide (Li-TFSI) in N-methyl-N-propylpiperidinium bis (trifluoromethane- sulfonyl) 

imide (PP13TFSI) was used as electrolyte. Figure 3.7 shows the structural formula of Li-TFSI 

and PP13TFSI. In the solution one anion, TFSI, exists. Since the anion is relatively big and its 

mobility is small, the mobility of the count ion, lithium ion becomes high. 

PP13TFSI shows wide potential window as shown in Figure 3.8. From 0 V to 5.3 V (vs Li/Li
+
) 

no redox reaction has been reported to occur [109,111]. Thus, PP13TFSI was suitable as a 

solvent of ionic liquid electrolyte for in-situ TEM observation, in which large polarization could 

be accompanied because of the feature of the nanowire battery, small contact area between each 

component due to miniaturization. 

 

Figure 3.7 The structural formula of (a) Li-TFSI (solute) and (b) PP13TFSI (solvent).  

 

Figure 3.8 Cyclic voltammograms for the voltage range (a) from 0.0 to 2.5 V and (b) 3.0 to 6.0 V. The 

counter electrode was lithium foil. Working electrode was platinum.  
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 3.3 Electrochemical properties (CV) 

 

The total volume ratio of the LiMn2O4 nanowire cathode to Li4Ti5O12 crystal anode 

(~1/1,000,000) was extremely small in order to keep the voltage of the Li4Ti5O12 crystal anode 

during the charge and discharge processes. The cell voltage was converted into voltage vs Li/Li
+
 

for convenience hereafter. 

Figure 3.9 shows the cyclic voltammogram (CV) of the nanowire battery with a LiMn2O4 

nanowire bridge. The voltage was scanned in the range from 3.0 V to 5.0 V vs Li/Li
+
 at 2 mV/s. 

The pair of double anodic/cathodic current peaks is clearly visible, which is characteristics of 

the 4 V reaction of LiMn2O4 crystals. For more than 20 cycles, the positions of these current 

peaks are almost the same in spite of pA-order current level. It shows that the nanowire battery 

works as a rechargeable battery with the stable cell potential. 

The optical images and their properties for another three nanowire batteries are shown in Figure 

3.10 and Table 3.1. The practical capacity for each battery is estimated from its cyclic 

voltammetry curve. The practical capacity is about 80 % of the theoretical capacity estimated 

from its geometry. Therefore, at least, in the position of 80 % of whole length of the LiMn2O4 

nanowire from ILE, lithium ions were extracted and inserted. 

We performed in-situ TEM observation during charge/discharge cycles at the vicinity area from 

ILE and at the position far from ILE by about 50 μm. The results from the vicinity area from 

ILE will be given in chapter 4 and that of the position far from ILE in chapter 5. 

 

 

Figure 3.9 Cyclic voltammogram of a nanowire-battery with a single LiMn2O4 nanowire bridge obtained 

by ex-situ measurement. Cyclic voltammetry was performed between 3.0 V and 5.0 V vs Li/Li
+
 at a scan 

rate of 2 mV/s.  



 

60 

 

 

 

Figure 3.10 The optical microscope images of three nanowire batteries. Second one is made of single 

long nanowire. 

 

 

 

Table 3.1 The diameter, scan speed(experimental condition), estimated capacity from cyclic voltammetry 

and the corresponding length to the capacity for three nanowire batteries shown in Figure 3.10. The 

sample number corresponds that in Figure 3.10. 

 

 

 3.4 Summary 

 

For in-situ TEM observation, we successfully developed the nanowire battery and the new 

double tilt bias holder. The nanowire battery consists of LiMn2O4 nanowire cathode, ionic liquid 

electrolyte and Li4Ti5O12 anode. The nanowire battery shows the clear 4 V reaction of LiMn2O4 

crystals in the electrochemical measurement by using the extremely small ratio of LiMn2O4 to 

Li4Ti5O12, ~1 ppm: A pair of double peaks is detected in cyclic voltammetry.  

The in-situ observation system including the new holder detected pA-order low current peak. 

The measurement ability enables to match the electrochemical properties and structural change 

monitored by TEM observation. 
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Chapter 4. Reversible LiMn2O4 nanowire-battery 

working at the 4 V range 

 

 

 

 4.1 Introduction  

 

In chapter 3, we introduced our developed nanowire battery and in-situ observation system. For 

monitoring the structure change of the LiMn2O4 cathode causing capacity fading, in-situ TEM 

observation was performed. The vicinity of the interface area of LiMn2O4 cathode with ILE was 

monitored during charge/discharge cycles. 

In this study, by in-situ TEM observation, the deterioration mechanism of LiMn2O4 cathode 

during 4 V reaction was revealed: the tetragonal phase appeared at the interface region of 

LiMn2O4 nanowires with the electrolyte at early discharge stage, 3.9 V vs Li/Li
+
.  

Furthermore, the tetragonal phase was reversibly restored to the cubic phase without fracture of 

the nanowires during the charge process. No fracture while cubic-tetragonal transition is 

promising for the long-life-time battery with LiMn2O4 nanowire cathode. 

 

 4.2 TEM image of a nanowire-battery 

 

Figure 4.1(a) shows the illustration of our developed nanowire battery. Figure 4.1(b) shows a 

typical TEM image of the nanowire batteries. Between the gap (50~200 m) of Pt current 

collector and ILE, LiMn2O4 nanowire bridges were shown. At the contact area with ILE, sides of 

LiMn2O4 nanowires were cover by thin ILE layer due to capillary phenomenon for 1~3 m 

distance from ILE. Due to the high lithium diffusion coefficient in liquid [109,112], this 

covered area acts as the actual interface where lithium ions are inserted into or extracted from 

the nanowire. 
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Figure 4.1 (a) Schematic illustration of nanowire-battery. A LiMn2O4 nanowire-bundle is bridged 

between Pt current collector (left) and ionic liquid electrolyte (ILE). Li4Ti5O12 crystals were used as an 

anode. At the vicinity of ILE, the nanowire is covered by thin ILE layer for a few micrometers. (b) 

Typical TEM image of ‘nanowire-battery’. Two LiMn2O4 nanowire bridges are contacted with ILE (right 

bottom).  

 

 

 4.3 In-situ TEM observation 

 

In-situ TEM observation was carried out using our home-made electrical biasing double tilt 

TEM holder. Cyclic voltammetry (CV) was performed by scanning voltage from 3.50 V to 5.50 

V vs Li/Li
+
 at 0.55 mV/s. The measurement was performed by source-measurement unit, 

Keithley 2635A. During charge/discharge cycles, crystalline LiMn2O4 nanowires in the 

nanowire-battery were observed by an aberration-corrected TEM, R005 at 300 kV. The 

diffraction spots of the TED patterns were analyzed by comparing with the TED patterns of 

silicon crystal viewed from the [110] and [111] directions, which were obtained under the same 

experimental conditions with the present study. 

 

  



 

63 

 

  4.3.1 Electrochemical properties 

 

For in-situ TEM observation of the nanowire cathode–ILE interface with electrochemical 

measurement, we fabricated nanowire batteries with a thicker cathode, i.e., about ten bridges of 

LiMn2O4 nanowires. Figure 4.2 shows the CV of the nanowire battery while TEM observation. 

A pair of double current peaks is visible: two anodic current (Li de-insertion) peaks appear at 

4.1 and 4.7 V vs Li/Li
+
, and two cathodic current (Li insertion) peaks, at 3.9 and 3.6 V (marked 

by arrow heads in Figure 4.2). The two anodic/cathodic current peaks look broad compared with 

those in Figure 3.9. This is because each bridge of the nanowires had different impedance and/or 

contact resistance with the electrolyte to scatter the current peaks. The anodic/cathodic peak 

current in Figure 4.2 were about ten times higher than those in Figure 3.9. Since these double 

current peaks correspond to the 4 V reaction, the concentration of lithium ions, x, of LixMn2O4 

crystal is expected to change between 0 and 1.  

The cell capacity during charge was estimated to be ~30 nC (8.6 x 10
-9

 mAh) from the CV of 

Figure 4.2. This amount corresponds to about a half of lithium ions contained in the whole 

LiMn2O4 nanowire cathode. The nanowire cathode, bridged between Pt current collector and 

ILE, had ten LiMn2O4 bridges of 100 μm in length and 200 nm in diameter. Thus, the lithium 

ions moved not only from the area of LiMn2O4 – ILE interface, but also from inside of the 

LiMn2O4 nanowires. In the present nanowire battery reactions, a half of the whole nanowires 

cathode was estimated to react at least for charge/discharge process.   

 

 

 

Figure 4.2 Cyclic voltammogram of the nanowire 

battery with ten LiMn2O4 nanowire-bridges 

obtained during in-situ TEM observation. Cyclic 

voltammetry was performed between 3.5 V and 

5.5 V vs Li/Li
+
 at a scan rate of 0.55 mV/s. Black 

arrow heads indicate a pair of double (anodic/ 

cathodic) current peaks. Transmission electron 

diffraction patterns were obtained following the 

order of ①-②-a-b-c-d-③-④ which are shown in 

Figure 4.5 and 4.6 
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  4.3.2 Morphology and phase change during battery cycles 

 

   4.3.2.1 Morphology change 

 

During the charge/discharge cycles, the vicinity of the contact point of LiMn2O4 nanowire with 

ILE was observed by in-situ. The observation area is shown in Figure 4.3(a). The observed area 

was far from ILE by about 2 μm. The surface of LiMn2O4 nanowire at the vicinity area of the 

contact point with ILE was covered by thin ILE layer because of capillary phenomenon. The 

covered area was about 3 μm from ILE. Thus, the observation area was covered by thin ILE 

layer as shown in Figure 4.3 (b). 

Figure 4.4 shows the TEM images after every charge/discharge cycles – 1st, 2nd and 3rd cycle. 

The morphology of LiMn2O4 nanowire did not changed although the thickness of ILE layer 

which covered the surface of nanowire became thicker. No crack and fracture was observed 

during four cycles. 

 

Figure 4.3 (a) TEM image of a single LiMn2O4 nanowire which contact ionic liquid electrolyte 

(right-side). The observation area is marked by a red circle. (b) The thin ILE layer which covered the 

nanowire at the observed area.  

 

 

Figure 4.4 TEM images of the observation area of the LiMn2O4 nanowire after 1, 2 and 3 

charge-discharge cycles. The shadows of high contrast aperture and beam stopper are shown as dark 

contrast. 
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   4.3.2.2 Phase change 

 

Transmission electron diffraction (TED) patterns of the observation area simultaneously 

obtained with measuring the CV (Figure 4.2) are shown in Figure 4.5. The fitted lattice 

parameters for each case are given in Appendix (Table A1). The wire axis of the nanowire was 

the [110] direction of the spinel cubic structure. The LiMn2O4 nanowire had the cubic phase 

before the charge process (①) as shown in Figure 4.5(b). The cubic phase was maintained 

during charge process (① to ② of Figure 4.5b). In the discharge process, the cubic structure 

was found to change into the tetragonal phase (② to ③ of Figure 4.5b). In the next charge 

process, the tetragonal phase was recovered into the cubic phase again (③ to ④ of Figure 4.5b). 

The LiMn2O4 nanowires changed the structure between the cubic and tetragonal phases 

reversibly during further charge and discharge processes. 

 

 

Figure 4.5 Change of the transmission electron diffraction (TED) pattern of the LiMn2O4 nanowire 

during charge/discharge cycles. TED patterns ①, ②, ③, and ④ were obtained at spots marked by the 

same numerical symbols in Figure 4.2. The horizontal direction of TED patterns is the projected nanowire 

axis (white arrow).  
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Figure 4.6 shows a details of the cubic-tetragonal phase change during the discharge process, a 

series of TED patterns was taken at 4.70, 4.25, 4.12 and 3.90 V, respectively (as indicated by red 

bars on the CV curve of Figure 4.2). At 4.70 V (Figure 4.6a), the nanowire cathode had a cubic 

structure. At 4.25 V (Figure 4.6b), which corresponds to the beginning of discharge process, the 

diffraction spots started being split along the [1-10]cub direction (marked by arrows), while they 

did not split along the [110]cub direction of the wire axis. The TED pattern (Figure 4.6b) means 

coexistence of the original cubic structure and an orthorhombic structure at 4.25 V. And, the 

orthorhombic phase has larger lattice spacing than the cubic phase in the normal direction to the 

nanowire surfaces, while it keeps the same lattice spacing with the cubic phase in the wire axis.  

 

 

 

 

Figure 4.6 (a)-(d) A series of TED patterns taken during the discharge process at 4.70, 4.25, 4.12 and 3.90 

V, respectively, of CV curve as indicated by red bars in Figure 4.2. The split diffraction spots are marked 

by white arrows. The horizontal direction of TED patterns is the projected nanowire axis. 
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By further discharge, the lattice spacing of the orthorhombic phase increased along the normal 

direction to the surfaces. And even the cubic phase started to change into orthorhombic 

structure: In Figure 4.6(c) (at 4.12 V), the spots for the cubic phase ([1-10]cub spot) were 

displaced from the original positions toward the orthorhombic ones (the ratio of the lattice 

spacing of 4-40 spot to 440 spot is shown in Figure 4.8). Finally, the tetragonal phase (a=5.57 

Å, c=8.71 Å, c/√2a~1.11, where ‘a’ is the lattice parameter in the tetragonal structure) 

appeared as shown in Figure 4.6(d) (at 3.9 V). The appearance is during the first cathodic 

double-peaks in the CV curve.  

 

 

Figure 4.7 Atomic structure models of cubic, orthorhombic and tetragonal phase observed. In 

orthorhombic phase, the lattice spacing is expanded along the normal direction to the surface as indicated 

by the gray arrow. 

 

Figure 4.8 The ratio of lattice spacing of the 4-40 spot to the 440 spot changed in during the early stage 

of discharge. The new phase (marked by the inner arrows from direct spot) in Figure 4.6 is noted as 

‘inner’. The lattice spacing of the 440 spot was not changed during the discharge process. 
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 4.4 Discussion 

 

4.4.1 Li-rich interface area of LiMn2O4 Nanowire 

 

After the present in-situ observations demonstrated in Figure 4.2 ~ 4.8, we consider about the 

observed cubic-tetragonal transformation of the nanowire cathode during the 4 V reaction. As 

seen in the TED patterns of Figure 4.6, the tetragonal phase is obviously nucleated at 3.90 V 

during the 4 V reaction. It has been known, however, that charged and discharged LixMn2O4 

crystals during the 4 V reaction (0<x≦1) have only cubic phases by previous x-ray diffraction 

studies [113,114]. In addition, our CV curve (Figure 4.2) shows that concentration of lithium 

ions at 3.90 V is below x=0.5, being judged from the position of the cathodic double peaks 

(arrow heads in Figure 4.2). A key observation which gave us an understanding of tetragonal 

phase formation is the TED patterns in Figure 4.6. At 4.25 V, the orthorhombic phase appears 

with the cubic phase. The lattice spacing of both orthorhombic and co-existing cubic phase 

gradually expand along the normal direction to the surfaces by further discharge process until 

sudden structure transformation into the tetragonal phase occurs at 3.90 V. The process of this 

phase transformation indicates that the orthorhombic phase is a precursor of the tetragonal 

transition, and the gradual lattice expansion indicates the local concentration increase of lithium 

ions in correlation with the discharge process. We thus consider that lithium-rich region 

generated locally, at least in the TED observation area, promoted the observed phase transition 

from the cubic to the tetragonal via orthorhombic phase. As a candidate of highly lithium-rich 

region, we consider the surface region of the nanowire cathode, more precisely, the interface 

between the nanowire and ILE (see, Figure 4.1 and Figure 4.3). Of course, low lithium diffusion 

rate inside the LiMn2O4 nanowire cause the lithium-rich interface region. The phase 

transformation was not detected by CV. It can be explained by the fact that the portion of the 

observed tetragonal phase is too small in comparison with the reaction region of the nanowire 

(about half of whole nanowire cathode as mentioned above). We think that the observed 

tetragonal transformation is not caused by oxygen deficiencies, although tetragonal formation 

due to oxygen defects [115] must be cared. Our observed values of tetragonality (c/a~1.11 and 

1.17) were larger than the one due to the oxygen defect (c/a~1.07). We also confirmed the 

tetragonal formation is not affected by imaging electrons. The cubic spinel structure of the 

LiMn2O4 nanowire was not changed even after twelve hours electron irradiation under the same 

illumination condition with this study.  

A possible scenario explaining our tetragonal transition, then, is different local lithium diffusion 

rates, which results in the inhomogeneous lithium distribution in a LiMn2O4 nanowire. Figure 

4.9 schematically illustrates the distribution of the lithium ions in the LiMn2O4 nanowire during 
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discharging process. After charge process, the LiMn2O4 nanowire has low lithium concentration 

(shown as blue area in Figure 4.9), having cubic phase (shown in top of Figure 4.7b). At the 

beginning of the discharge process, lithium ions are accumulated at the interface with ILE, or, 

surface region of the nanowire, due to fast lithium insertion. Then, the lithium ions are gradually 

diffused towards the core region of the nanowire. The lattice spacing of the lithium-rich surface 

layer expands along the normal direction to the surface, while keeping a coherent interface with 

the cubic core region along the wire axis (orthorhombic phase shown in middle of Figure 4.7b). 

As discharge proceeds, the boundary of orthorhombic surface propagates toward cubic core 

region of the nanowire. When local valence of Mn ions lower below the critical value [115]
 
due 

to the lithium accumulation, the lithium-rich region transforms into the tetragonal phase (shown 

in bottom of Figure 4.7b) by Jahn-Teller effect. Finally, the lithium ions are diffused along the 

wire axis through the tetragonal phase. 

 

 

 

 

 

Figure 4.9. (a) Schematic illustration of lithium concentration (x) change in a LixMn2O4 nanowire during 

discharge. Color indicates the amount of Li concentration. Red capital letters of color scale bar 

corresponds to each phase, cubic, orthorhombic and tetragonal shown in Figure 4.6. (b) during discharge 

process (not equilibrium phase).  
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4.4.2 Reversible cubic to tetragonal phase transformation without  

fracture 

 

We found that the LiMn2O4 nanowire was completely restored into the cubic phase from the 

tetragonal phase in the charge process without fracture. No crack formation was confirmed also 

by TEM observation (not shown). It is different from the LiMn2O4 particles, which has been 

pointed out to be damaged due to the tetragonal formation [37,38]. It might be interesting to 

consider some mechanisms avoiding fracture. We consider firstly geometric relationships 

between the cubic and tetragonal phases in the LiMn2O4 nanowire cathode. For cubic-tetragonal 

transformation in Figure 4.4, the lattice spacing along the wire axis was conserved: The 

tetragonal (c/a=1.11)/cubic geometry is [001]tet//[010]cub and (224)tet//(110)cub for the [110]cub 

wire axis. In another case (Figure 4.10, the fitted lattice parameter is shown in Appendix, Table 

A2), however, the lattice spacing expanded by 6 % in the wire direction, and 11 % in the normal 

direction to the surface: The tetragonal (c/a=1.17)/cubic geometry is [001]tet//[001]cub and 

(100)tet//(110)cub for the [110]cub wire axis. Thus, tetragonal phases grew in the orientation that 

minimizes the lattice dilatation along the wire axis, taking advantage of the free surface. In 

addition, the fact that the orthorhombic layer formed along with the nanowire surface covered 

by ILE must be important, because one mediates between the tetragonal and cubic phases. 

Nothing has such one-dimensional characteristic but the nanowire. The observed reversible 

phase transformation without fracture supports that LiMn2O4 nanowires are promising as a 

cathode material improving the life-time of LiMn2O4 crystals based batteries. 

 

 

 

Figure 4.10 The TED pattern of the observed area obtained after another discharge process. The TED 

pattern shows that the observation area was tetragonal phase with the tetragonality, c/a~1.17. The 

horizontal direction of TED patterns is the projected nanowire axis (white arrow). 
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 4.5 Summary 

 

We directly observed the structure change of LiMn2O4 nanowire cathode, in-situ by electron 

microscopy and diffraction, during the charge and discharge processes while measuring the 

cyclic voltammetry. We found that cubic-tetragonal phase transformation occur at the interface 

area of LiMn2O4 nanowire cathode with ionic liquid electrolyte during early discharge stage, 

3.90 V, but no fracture of the nanowire occur while 4 V reaction. In discharge processes, the 

cubic phase of the nanowire transforms firstly into the orthorhombic phase at the side surfaces 

covered by ILE, and secondly the orthorhombic phase transforms into the tetragonal phase. The 

appearance of tetragonal phase is understood by local lithium accumulation. Orthorhombic 

phase that mediates cubic-tetragonal transformation, and strain release via the surface layer 

avoid the fracture. 

 

  



 

72 

 

Chapter 5. Lithium diffusion inside a single 

LiMn2O4 nanowire LIB  

 

 

 5.1 Introduction  

 

The lithium diffusion in macro scale has been studied by electrochemical studies 

[112,116-119] and X-ray diffraction (XRD) studies [59,60].  For increasing demands on 

nanoscale understanding of diffusion process in relation with electrochemical CV behavior, 

in-situ electron microscope observation has become indispensable. For clarifying the lithium 

diffusion behavior inside of LiMn2O4 crystal, we devised a model LIB having a single LiMn2O4 

nanowire as a cathode. A single nanowire is important to restrict diffusion path of lithium ions 

within the nanowire.  

In this chapter, the observed behavior of the phase transformation (phase boundary movement) 

due to lithium movement is reported. And the relationship with the lithium diffusion is 

discussed based on the simultaneously measured cyclic voltammetry curve. 

 

 

Figure 5.1 (a) The optical microscope image of a single-nanowire battery. The observed area is marked 

by a red square. (b) The TEM image of observation area. The inset is the TED pattern obtained from the 

area marked by white circle. The nanowire axis was the [011] direction. (c) Schematic illustration of a 

single-nanowire battery. White lines in the nanowire are crystalline domain boundaries (see, section. 

3.2.1). 
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 5.2 Single LiMn2O4 nanowire LIB 

 

Figure 5.1 (a) shows an optical microscope image of the nanowire battery whose cathode 

consists of a single LiMn2O4 nanowire. Figure 5.1(b) shows the TEM image of the pristine 

nanowire of the nanowire battery shown in Figure 5.1(a). The pristine LiMn2O4 nanowire had a 

morphology illustrated in Figure 5.1 (c). The nanowire was polycrystalline but the nanowire 

axis was the [011] direction. The diameter of the nanowire was about 200 nm and the length 

was about 170 μm. The observed area is marked by a red square, which is about 50 μm apart 

from the LiMn2O4/ILE interface. The observed area had <111> orientation as shown in the inset 

of Figure 5.1 (b) and was not covered by ILE layer. 

During the charge/discharge cycles, cyclic voltammogram and TEM images were obtained 

simultaneously.  

 

5.3 In-situ TEM observation  

 

5.3.1 Electrochemical properties 

  

Figure 5.2 shows the cyclic voltammetry (CV) of the nanowire battery shown in Figure 5.1. The 

LiMn2O4 nanowire was delithiated (charged) at first (①). And then, discharge (②) and charge 

(③) process was performed. The voltage was scanned in the range from 2.7 V to 5.2 V at the 

rate of 0.55 mV/s. On the discharge process (②), the cathodic current started to flow at around 

3.9 V, and shows two cathodic current peaks at 3.4 V and 3.2 V. The cathodic current was 

steeply decreased at around 3.1 V. It appears that some (small amount of) residual cathodic 

current remains until around 3.0 V. On the sequential charge process, the anodic current started 

to flow above 4.1 V, and shows two anodic peaks at 4.6 and 4.8 V. The anodic current was 

steeply decreased around 4.9 V. Some residual anodic current remains until around 5.0 V. A pair 

of double cathodic/anodic current peaks is the characteristic of 4 V reaction of LiMn2O4 

crystals. 

The peak current was about 15 pA at 4.8 V (after subtraction of background). The current 

density across the nanowire section was about 50 mA/cm
2
 at the current peak. The charge 

capacity estimated from CV was about 9 nC, which corresponds to the charge of the amount of 

lithium ions in about 80 % volume of the LiMn2O4 nanowire with its geometry. In other words, 

all lithium ions in about 80 % volume of the LiMn2O4 nanowire would be extracted during the 

charge process.  
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Figure 5.2 The cyclic voltammogram (CV) of the nanowire battery with a single LiMn2O4 nanowire. The 

cyclic voltammetry was performed in order of the numbers (①→②→③) with the scan rate of 0.55 mV/s. 

Red arrows correspond to TEM images shown in Figure 5.6. Black dot at 5.07 V corresponds to TED 

patterns shown in Figure 5.4. The broken lines in CV correspond to the background current level for 

estimating the charge/discharge capacity. 

 

  5.3.2 in-situ TEM images and phase boundary 

 

During the discharge-charge process, phase boundary movement was monitored. Figure 5.3 

shows the TEM image of the boundary obtained after the charge process (marked by black dot 

in Figure 5.2). The boundary had the contrast which consists of many dark and bright fringes 

across the nanowire section as shown in Figure 5.3. The transmission electron diffraction (TED) 

patterns obtained from the phase boundary area, left area of the boundary, the boundary area and 

right area of the boundary, are shown in Figure 5.4. The TED pattern from the left area of 

boundary shows <100> orientation of the cubic spinel phase as shown in Figure 5.4 (a), while 

The TED pattern from the right area shows <111> orientation as shown in Figure 5.4 (c). The 

TED of the boundary area are shown as a mixture of <100> and <111> orientation ones, which 

correspond to TEDs from the left area and the right area respectively. Thus, the boundary was 

the domain boundary between two different crystal orientations.  

Additional weak peaks can be indexed by the cubic the spinel structure (see, Appendix). In all of 

three TED patterns, 200 spot and any diffraction spots due to super lattice were not detected. 
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Figure 5.3 The TEM image of the phase boundary obtained after charge process (at 5.07 V, marked by a 

black dot in Figure 5.2). The boundary has the contrast which consists of many dark and bright fringes 

across the nanowire section. TED patterns from the black circled areas - a, b and c are shown in Figure 

5.4 

 

 

Figure 5.4 TED patterns from the each area marked by black circles in Figure 5.3. (a), (b) and (c) 

correspond to the area a, b and c in Figure 5.3, respectively. All TED patterns were obtained by moving 

selected area aperture without tilting sample. (d), (e) and (f) are the TED pattern of (a), (b) and (c) with 

the marks of the diffraction spots of LiMn2O4 spinel structure with <100> orientation (yellow) and <111> 

orientation (red). 
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Figure 5.5 Simulated TED patterns of LiMn2O4 crystals as a function of lithium composition, x in 

LixMn2O4. The lithium composition, x is 1 for (a)(d), 0.5 for (b)(e) and 0 for (c)(f). The <100> orientation 

ones are shown in (a)(b)(c) and the <111> orientation ones in (d)(e)(f). The ratio of 220 spot to 440 spot 

of log scaled intensity (log I220 / log I440) is shown as a function of lithium composition, x, for the <100> 

orientation in (g), and for the <111> orientation in (h). 

 

 

In the TED of Figure 5.4 (a), 220 spots are visible, but invisible in the TED of Figure 5.4 (c). 

We calculated the TED patterns of LixMn2O4 for the cases of x=1, 0.125, 0.25, 0.375, 0.5, 0.75 

and 0 in order to investigating the dependence on the lithium composition, x. The sample 

thickness was 40nm (see Appendix C). The calculation was done by using multi-slice method 

[95]. The atomic scattering factors were taken from Weikenmeier-Kohl scattering factor.  

The calculated TED patterns are shown in Figure 5.5 (a-f). Regardless the view direction, the 

lithium composition of the range from 1 to 0.5 gives the TED pattern in which 220 spots are 

clearly visible. However, the 220 spots are very weak when the lithium composition is zero. The 

ratio of log-scaled intensity of 220 spot to 440 spot (log I220 / log I440) for two orientation ones, 

<100> and <111>, are shown in Figure 5.5 (g-h) as a function of lithium composition.  
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Since the experimental TED images (see, Figure A3 in Appendix C) of left area of the boundary 

(Figure 5.4 a) shows the ratio (log I220 / log I440) of 0.80±0.016, the lithium composition, x, of the 

left area is estimated as 0.375< x < 0.75 by comparison with the calculated results (Figure 5.5 g). 

The TED of right area of the boundary (Figure 5.4 c) has the ratio less than 0.55 with the 

assumption that the 220 spot had lower intensity than the background noise level because the 

220 spot was not detected. The right area is estimated to have the lithium composition lower 

than 0.05 by comparison with the calculated results. After TED intensity analysis, we concluded 

that the left side of the boundary has Li-rich structure, while the right side has Li-poor structure. 

The lithium composition, x in the Li-rich area is supposed to be in a range 0.375<x<0.75, while 

x in the Li-poor area is x<0.05 after charge process. Thus, the boundary is the phase boundary 

(abbreviated hereafter as PB) between the two phases, Li-rich phase and Li-poor phase. 

Figure 5.6 shows a series of TEM images of the discharge-charge process. Each TEM image 

corresponds to each red arrow in Figure 5.2. In the TEM image obtained at 4.0 V (the top-most 

image in Figure 5.6), the PB is visible as a dark band at the right side of the image (the left-side 

of the phase boundary is marked by black arrow). In the discharge process (from 4 V to 2.8 V), 

the PB moved from left to right side, resulting the volume increase of the Li-rich phase. During 

the charge process, the direction of the PB movement was reversed from the discharge process. 

There are three modes of PB movement: translation, expansion and shrinkage. The PB has a 

width, and its front translates while charge/discharge as a manner shown in Fig.5.6. The PB, in 

some occasions, expands while the front translates forwards. In another occasion, PB shrinks 

after the front stops its translation. (In this observation, the detail width change of PB could not 

be monitored because of limit of view area.) 

The relation between the phase boundary movement
2
 and the simultaneously measured cyclic 

voltammogram (CV) is shown in Figure 5.7. The applied voltage change and measured cell 

current are shown as gray and red lines, respectively. (For guiding of battery reaction current, 

the background level was marked as red broken lines.) The phase boundary position change is 

shown as blue markers. The direction of the phase boundary movement toward ILE is noted as 

(+). Three curves are plotted as functions of time. The deviation of the times measuring CV 

(voltage and current) and TEM (phase boundary position) is shorter than 5s, which can be 

ignored in the time scale of Figure 5.7. 

  

                                                   
2
 In the discharge process, the position change of the left side of the phase boundary (marked by a black 

arrow in Figure 5.6) was measured. In the charge process, the position change of the right side of the 

boundary (marked by a white arrow in Figure 5.6) was measured. 
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Figure 5.6 The series of TEM images showing phase boundary movement during one discharge-charge 

cycle. The vivid TEM image was obtained at each voltage. Due to the limit of the view area of one 

snapshot (~2μm), plural TEM images are superposed (shaded). Black arrows indicate the most left of the 

phase boundary and white arrows, the most right of the phase boundary. ILE was placed at the right side 

of the nanowire (far from the observation area by 50 μm).  
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Figure 5.7 The plots of voltage (gray), current (red) and boundary position (blue markers) as functions of 

time. The displacement of the boundary position toward right-side (toward ILE) is notated as (+). The 

vertical dotted lines and alphabets are for guide of the stage of the lithium insertion/extraction: a, a’, start 

point of first reaction; b, b’, end of first reaction peak; c, c’, end of second reaction peak; d, d’, 

elimination point of residual reaction current; e, e’, the phase boundary movement stopped. Red broken 

lines are background level for reaction current. 

 

 

In the range of a-b of the discharge process, the phase boundary (PB) started to move 600 s 

after cathodic current started to flow (stage a). And the PB stopped until the stage b, which is 

the saddle point of cathodic current. After the stage b, the PB moved drastically, and stopped at 

the stage d, where the cathodic current had stopped flowing. After the stage d, the PB moved 

again, toward ILE and backward. It stopped at the stage e.  

In the charge process, the PB started to move backward (from ILE to LiMn2O4 nanowire) at the 

stage a’, where the anodic current started to flow. The PB was still moving at the stage b’, 

which is the saddle point of anodic current. After the stage b’ the PB stopped moving. Then, the 

PB moved again after the stage d’, where the anodic current did not flow any more. And the PB 

stopped at the stage e’.  

In brief summary of Figure 5.7, we found following relation between CV and PB motion. First, 

the phase boundary started to move during the cathodic or anodic current due to the lithium ion 

insertion or extraction was flowing. Second, the direction of PB movement reversed as the Li 
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diffusion direction change, namely, charge process and discharge process. Third, total amount of 

PB displacement for each of the discharge and of the charge cycle is almost same (4 μm): 

Compare the PB displacement for a-e and one for a’-e’. Forth, in correlation with the CV, PB 

(seems to move) moved in step-wise for each stages of a-b (a’-b’) and b-e (b’-e’). Fifth, the 

phase boundary movement did not directly correspond to the lithium movement: although PB 

displacement in a-b (0.6 μm) is almost the same as the one in b’-d’, the displacement in b-d (4 

μm) is larger than the one in a’-b’ (2 μm). Finally, there is time-lag from the point where 

reaction current died down (d and d’) to the point where the phase boundary stopped (e and e’). 

 

  

5.4 Discussion 

 

5.4.1 Quantitative comparison between CV and TEM 

 

In charge process, though the anodic current died down at the stage d’, the PB continued to 

move until the stage e’ in Figure 7. The anodic current reflects the lithium extraction from 

nanowire to ILE. From the stage d’, average lithium composition in nanowire would be constant. 

The PB movement is due to phase transformation between Li-rich and Li-poor. It imposes that 

the observed phase boundary movement could not be the rate-limit stage for charge/discharge 

process (lithium insertion/extraction). There are two possible reasons to explain the time lag 

about 600s between the current change and the PB movement. One is that the phase 

transformation can occur after lithium composition changed with time delay as an analogy of 

time-temperature-transformation relation of eutectoid steels, in which phase transformation 

occurs with time delay after the temperature change due to the exist of interface energy. Since 

the most different point between Li-rich phase and Li-poor phase is whether lithium ions are 

present or not (it was determined from TED patterns), this reason is hardly acceptable. The other 

one is the inhomogeneous distribution of lithium concentration: right after the charge process, 

local difference of lithium concentration could be present with some reasons which are unclear; 

it could make the redistribution of lithium ions inside the nanowire, resulting in the further 

movement of the phase boundary.  

The obtained anodic current peak in CV was about 15 pA (=15 pC/s). It corresponds that 9.4 x 

10
7
 Li ions were extracted from LiMn2O4 nanowire in every second. Since 8 Li ions can be 

contained in unit cell volume, (8.245 A) 
3
, for cubic LixMn2O4 as maximum solubility, 15 pA 

corresponds that all Li ions from the volume of 6.6 x 10
6
 nm

3
 should be removed in every 

second. With the approximation of the shape of nanowire as a cylinder whose diameter is about 

200nm, the PB should move with the velocity of about 200 nm/s. However, the measured 
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highest instantaneous velocity of the phase boundary movement was about 15 nm/s. It is more 

than 10 times slower compared with the expected velocity, 200 nm/s, which was estimated from 

CV.  

The charge capacity was estimated to be about 9 nC from CV. During charge, the phase 

boundary moved about 4 μm. If the Li-rich phase had the lithium composition of x=1 which is 

the highest Li composition for cubic phase, and the Li-poor phase had the lithium composition 

of x=0 which is the lowest Li composition, the corresponding capacity from the PB movement 

of about 4 μm is about 0.3 nC. It is 30 times smaller than the capacity from CV. 

The possible reasons for these quantitative inconsistency can be considered as follows. First, the 

existence of the other Li host places such binder, additive or surface area, etc. can be considered. 

If lithium insertion/extraction reaction occurred at the other host places, it should be reflected by 

the appearance of different reaction voltage from the 4 volt double peak of LiMn2O4. Because 

the reaction voltage is dependent on the circumstantial structure and chemical elements. 

However, obtained CV shows no additional reaction voltage.  

Second possible reason is that the PB movement non-related with lithium insertion/extraction 

was observed. However, the observed PB movement shows the strong correlation with Li flow: 

The direction of PB movement reversed as the Li diffusion direction change, namely, charge 

process and discharge process. And the PB started move when the current due to Li diffusion 

flowed. 

Third possible reason is that the number of the PB was not single, but plural: the phase 

transformation occurred not only at the observed area, but also at another positions, 

simultaneously. If the number of PBs were 30, the cell capacity of 9 nC obtained from CV can 

be covered by same PB movement. And if plural PBs moved simultaneously, the inconsistency 

of PB velocity between 15nm/s (measured from TEM observation) and 200nm/s (estimated 

from CV) could be explained. Since the view area of one snapshot of TEM image (~2 μm) is 

still smaller than the length of the nanowire (~170 μm), the phase transformation at plural 

positions can be expected. Thus, the model of simultaneous phase transformation at plural 

positins, multi-PBs model, is most probable scenario based on the observed TEM and CV 

results. 

 

5.4.2 Multi-PBs model 

 

The observed area was apart from the LiMn2O4/ILE interface by about 50 μm. Since the 

observed area was not covered by ILE layer, lithium ions should be inserted or extracted 

through the cross section of LiMn2O4 nanowire in right-side of observed area.  

Based on multi-PBs model in which plural Li-rich and Li-poor phases are placed alternately, 
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there are two patterns to explain the phase transformation. One is that the PBs moved in 

sequence from the LiMn2O4/ILE interface to bulk-side of LiMn2O4: after one PB which is close 

to the LiMn2O4/ILE interface stops moving, next PB starts to move. The other is that plural PBs 

move simultaneously. Since the observed PB moved at the stage a’ during charge process 

without delay time from the anodic current change, the first model, PB movement in sequence is 

not suitable. The model which is coincident with the observed PB movement is the 

simultaneous moving multi-PB model, even though it is not understood how to move lithium 

ions in local lithium composition distribution: lithium ions should diffuse through the area of 

sequence of Li-poor phase and Li-rich phase. 

With the assumption that lithium can move regardless of local lithium concentration distribution, 

the possible phase transformation model in our study is as follows: During the discharge-charge 

cycle, lithium ions would flow throughout the nanowire causing overall composition change. 

The composition change induced the phase transform at plural positions simultaneously and the 

volume fraction between Li-rich and Li-poor phases changes by moving the PBs with time 

delay due to the inhomogeneous lithium distribution. 

 

5.4.3 Comparative study with the reported phase transformation of 

LixMn2O4 

 

In-situ XRD study has reported the phase transition during discharge process of LixMn2O4 

(0<x<1) by monitoring the (111) XRD peak [59]. The lattice parameter changed in following 

manner: in the region 0-10% state of discharge (SOD), only one phase was monitored to expand 

its lattice parameter (from 8.07A to ~8.09A). In the region 10-35% SOD, two 

different-lattice-parameter phases appeared (~8.09A and ~8.14A). As discharge proceeded, the 

fraction of larger-lattice phase increased linearly, while the fraction of smaller-lattice phase 

decreased linearly. In the region 35-100% SOD, only larger-lattice phase was remained, and 

expanded its lattice parameter (from ~8.14A to 8.249A).  

Based on the reported in-situ XRD study, our observed Li-rich and Li-poor phases could 

correspond to the phase transformation with two phases in the region 10-35% SOD. However, 

in our results, Li-rich phase and Li-poor phase were remained during whole charge-discharge 

process. For the time between discharge process and sequence charge process, about 50min, the 

PB did not disappear. This discrepancy is considered due to the experimental condition: in-situ 

XRD study was performed with C/10 and 0.08 mA/cm
3
, while our results was obtained under 

higher charge rate, in which the peak anodic current corresponds to instantaneously 6 C and 50 

mA/cm
3
. The relaxation time would not be enough to make system in the equilibrium state in 

this study. 
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In-situ XRD study reported that no XRD peak broadening due to concentration and/or phase 

gradients was detected [59]. They concluded that phase boundary movement can be excluded as 

the rate-limiting step. In our study, the in-situ TEM images directly showed that lithium ion 

movement is not limited by the phase boundary movement.  

Simulation studies have reported that ordering phase of Li0.5Mn2O4 crystal, which should make 

200 spot visible [120,121]. And another simulation study has reported the ordered structures, 

3x3x3 superlattice at x=0.5 and 7x7x7 superlattice at x=0 in LixMn2O4 [122]. However, in this 

study, any superlattice spots and 200 spot were not detected. 

 

 

 5.5 Summary 

 

In-situ TEM observation of a single LiMn2O4 nanowire battery was performed under several 

tens mA/cm
3
 current density (<50 mA/cm

3
). We observed the phase boundary movement due to 

the phase transformation between Li-rich and Li-poor phases. We found that the phase boundary 

moved with about 10 times slower velocity than the expected boundary velocity from the 

simultaneously measured cyclic voltammogram (CV). The estimated capacity from the 

boundary movement was 30 times smaller than that from CV. And there was time delay from 

the point where the cathodic or anodic current died down to the point where the phase boundary 

stopped moving. The phase transformation between Li-rich and Li-poor phases is considered to 

occur at many positions along the nanowire simultaneously and be completed with the time 

delay. The time delay is considered due to the redistribution of inhomogeneous lithium 

concentration inside the nanowire right after charge/discharge process. Based on this analysis, 

we conclude that lithium ions diffusion is not limited by the phase transformation, even though 

the lithium diffusion process through the inhomogeneous lithium distributed nanowire is not 

clarified. 
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Chapter 6. Concluding remarks and Future vision 

 

This study has been performed to clarify the deterioration mechanism of LiMn2O4 crystals 

during battery cycles by in-situ TEM observation. In order to obtain new knowledge of local 

lithium diffusion behavior by in-situ observation, (1) imaging method, (2) subject to image 

(nano-battery) and (3) charge/discharge able environment should be developed. Thus, this thesis 

consists of two parts: methodology (chapter 2, 3) and material science (chapter 4, 5).  

 

A short summary of each part is as follow, 

I. Methodology: 

1. ABF image is a potential image, which visualizes the potential change in a sample, such 

as Li ion movement. 

2. Surface profile including an ion vacancy can be monitored by using large convergent 

ABF imaging which gives surface sensitive contrast due to the narrower depth of focus. 

3. For in-situ EM observation, nano-batteries have been developed with the construction 

of LiMn2O4 nanowires cathode, ionic liquid electrolyte and Li4Ti5O12 anode.  

4. The in-situ EM observation system including sample holder was developed. It enables 

to measure the electrochemical properties (I-V curve) of pA-order current level of 

nano-batteries. 

II. Lithium diffusion behavior in LiMn2O4: 

5. During the early stage (3.9V) of the discharge process of 4 V reaction, the cubic 

LiMn2O4 at the interface area with electrolyte changed into tetragonal phase through 

orthorhombic structure. 

1. The tetragonal phase is considered to appear by Li accumulation at the interface 

area due to higher Li insertion rate from electrolyte than the rate of Li diffusion 

inside LiMn2O4 nanowire. 

6. For nanowire LiMn2O4 cathode, the tetragonal phase was changed into cubic phase 

reversibly during sequence charge process without physical fracture. 

1. Robustness of LiMn2O4 nanowires during the phase transformation shows the 

possibility of twice larger capacity (0<x<2, LixMn2O4) 

7. At the bulk side (far from ILE), it was observed the delay in stopping the phase 

boundary movement between Li-rich and Li-poor phases from the cathodic or anodic 

current changing in cyclic voltammogram (CV) due to lithium insertion or extraction. 

The charge capacity estimated from phase boundary movement was 30 times smaller 

than that estimated from CV.  
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1. Under non-equilibrium state, the structure change can be delayed from the net 

current change which reflects the lithium insertion/extraction. It is considered 

due to the redistribution of local inhomogeneity of lithium composition. 

 

 

Based on these conclusions, this study suggests that to make the 1-D like morphology prevent 

the capacity fade out during fast charge/discharge cycles: Nanowire shape makes LiMn2O4 

overcome the severe volume change due to the transformation to tetragonal phase. The 

geometry of nanowires soaked in electrolyte for common battery allow short lithium diffusion 

path, which would allow the local lithium concentration become the average lithium 

concentration instantly using fast lithium movement. These features would be suitable not only 

for long-life and fast chargeable battery cathode materials but also super capacitor. In aspect of 

engineering, the remained task is how to make the LiMn2O4 nanowire with simple process and 

low cost. And if the pure lithium diffusion velocity in LiMn2O4 on a micro scale is determined, 

it must be important factor for battery design. 

In aspect of science, the combination of macro measurement (CV) and micro measurement 

(TEM) is an interesting approach. By collaboration of in-situ diffraction methods such as XRD 

and neutron diffraction, dynamics of lithium diffusion can be revealed. 

In addition, the visualization of lithium diffusion at the atomic scale during charge/discharge 

cycles has not been succeeded unfortunately, however such observation is expected to be 

performed and to reveal the pure lithium diffusion mechanism in cathode materials in near 

future. 
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APPENDIX A. Construction of nanowire battery 

 

The nanowire battery was fabricated on the special sample stage for developed in-situ TEM 

observation holder . The prepared Li4Ti5O12 anode was cut into 2mm x 2mm size and set one 

side of the stage. On the Li4Ti5O12 anode, the slurry of ionic liquid electrolyte and OHARA 

sheet powder was painted. On the opposite side, platinum current collector was set. Both were 

attached by silver conductive paste. After that, LiMn2O4 nanowires are picked up by 

micro-manipulator (Figure A1) and bridged both side. In most cases, more than two nanowires 

connect each other and make the bridge between platinum and Li4Ti5O12 anode side. Sometimes, 

only one nanowire which is long enough bridge between two sides.  

 

 

 

 

 

Figure A1 The image of micro-manipulator (Axis pro, Microsupport. Co.) 
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APPENDIX B. Lattice parameter for each stage of LixMn2O4 

Table A1. Lattice parameter for each stage of LixMn2O4 nanowire in Figure 4.5 

① 3.90 V  
a=8.30 Å 

Exp.  Cal.  

h  k  l  d (Å)  d (Å)  

2  0  0  4.149  4.150  

3  1  1  2.500  2.503  

4  0  0  2.075  2.075  

3  3  1  1.912  1.904  

5  3  1  1.401  1.403  

6  0  0  1.383  1.383  

6  2  0  1.323  1.312  

6  2  2  1.256  1.251  

6  4  2  1.114  1.109  

7  3  1  1.079  1.081  

8  0  0  1.037  1.038  

 

② 5.47 V  
a=8.22 Å 

Exp.  Cal.  

h  k  l  d (Å)  d (Å)  

2  2  0  2.959  2.906  

4  0  0  2.053  2.055  

4  4  0  1.462  1.453  

6  2  0  1.295  1.300  

8  0  0  1.027  1.028  

 

③ 3.51 V  
a=5.57 Å c=8.71 Å 

Exp.  Cal.  

h  k  l  d (Å)  d (Å)  

1  0  1  4.717  4.691  

1  1  0  3.937  3.939  

1  1  2  2.915  2.920  

2  1  1  2.469  2.395  
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2  0  2  2.358  2.345  

2  2  0  1.905  1.969  

3  1  2  1.637  1.633  

3  0  3  1.572  1.564  

2  2  4  1.458  1.460  

3  1  4  1.370  1.369  

3  2  5  1.155  1.155  

 

④ 5.33 V  
a=8.30 Å 

Exp.  Cal.  

h  k  l  d (Å)  d (Å)  

2  2  0  2.937  2.934  

4  0  0  2.075  2.075  

4  4  0  1.470  1.467  

8  0  0  1.037  1.038  

 

Table A2 Lattice parameter of LixMn2O4 nanowire after discharge process in Figure 4.8 

c/a = 1.17  
a=5.5Å c=9.15Å 

Exp.  Cal.  

h  k  l  d (Å)  d (Å)  

1  1  0  3.891  3.889  

2  1  1  2.370  2.375  

2  2  0  1.946  1.945  

3  0  1  1.799  1.798  

4  1  1  1.325  1.320  

3  3  0  1.297  1.296  

3  3  2  1.245  1.247  

4  2  2  1.188  1.188  

5  1  2  1.052  1.050  
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APPENDIX C. TED patterns 

 

The TED pattern obtained from the phase boundary area.  

 

Figure A2. Enlarged TED pattern of Figure 5.5(b). The spots of LiMn2O4 spinel structure viewed from 

the [100] direction and from the [111] direction are marked by yellow shade circles and red ones, 

respectively. Additional spots can be also indexed by cubic spinel structure (black rings). 
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The intensity of diffraction spots in TED images obtained in experiment. 

 

In order to determine the sample thickness and lithium composition of each phase (Li-rich and 

Li-poor phases), the intensity of diffraction spots in TED images were investigated by 

comparing the calculated results. The intensity ratio between three spots, 220 spots, 224 spots 

and 440 spots, was used to compare the calculated results. The comparison was performed with 

the ratio of log-scale intensity of each spots.  

As all TED patterns was obtained in same nanowire and obtained at the edge area of the 

nanowire, the thickness was assumed to be same. The thickness was determined with the 

criterion that the proper thickness should allow all the intensity ratios in three TED images 

obtained with pristine sample, in Li-rich phase and in Li-poor phase.  

The image intensities of each diffraction spot in three TED images are shown in Figure A3. 

From the TED of pristine sample (Figure A3.a), the ratio of log-scaled intensity of 440 spot to 

220 spot (log I440 / log I220) was 1.11 ± 0.07. (The error is the standard deviation from 6 pairs of 

220 and 440 spots.) The ratio of (log I224 / log I220) was 0.89 ± 0.08. From the TED of Li-rich 

phase, the ratio of log I220 / log I440 was 0.80±0.016 (Figure A3.b). In the TED of Li-poor phase, 

Since 220 spot was not detected, we assume the intensity of 220 spot should be lower than noise 

level. We put the intensity of 220 spot as I220 < Imean + 2σ, where Imean is background mean 

intensity and σ is the standard deviation of background intensities. The ratio of log I220 / log I440 

was less than 0.55 (Figure A3.c). 

 

Figure A3. Experimentally obtained TED patterns with image intensities of diffraction spots. (a) TED 

patterns obtained from pristine sample, (b) TED pattern obtained from Li-rich phase, (c) TED pattern 

obtained from Li-poor phase. (a) is the enlarged TED corresponding to the TED in the inset of Figure 

5.1b, (b) and (c) corresponding to the TEDs in Figure 5.4a and c, respectively. Measured image intensities 

of 440 diffraction spots are shown as blue numbers, those of 220, as red numbers. 
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The calculated intensity ratios are shown Figure A4. Figure A4(a) shows the intensity ratio of 

440 and 220 spots as blue line, and shows the intensity ratio of 224 and 220 spots as red line. 

Each line is a function of thickness with the lithium composition of x=1. We assumed that the 

pristine nanowire would have lithium composition of x~1, and compared the ratios from the 

experimentally obtained TED (blue horizontal bend corresponds to the ratio of 440 to 220 spot; 

red bend, the ratio of 224 to 220 spot) and theoretically calculated TED. There are three 

thickness points where the experimental intensity ratios are coincident with the calculated ones: 

17 nm, 40 nm and 134 nm. 

Figure A4(b) shows the intensity ratio of 220 and 440 spots in <111> orientation TED for 17 nm 

thickness as blue line, 40 nm as red and 134 nm as green. Each line is a function of the lithium 

composition, x in LixMn2O4. Since the experimental intensity ratio from Li-poor phase is less 

than 0.55, 134 nm thickness can be excluded. 

Figure A4(c) shows the intensity ratio of 220 and 440 spots in <100> orientation TED for 17 nm 

thickness as blue line and 40 nm as red one. Each line is a function of the lithium composition, x 

in LixMn2O4. Since the experimental intensity ratio from Li-rich phase is about 0.80, 17 nm 

thickness can be excluded. The proper sample thickness is determined as 40nm. Even though 

the thickness of observed sample is not constant due to thickness gradient, we regard 40nm as 

effective mean thickness of the sample. 

 

Figure A4. The ratio of log-scaled intensity of diffraction spots from the theoretical calculation results. 

(a) The ratio of log-scale intensity of 440 spot to 220 spot (log I440 / log I220)(blue line) and the ratio of 

log-scale intensity of 224 spot to 220 spot (log I440 / log I220)(red line) in <111> orientation TED pattern 

are plotted as functions of sample thickness. (b) The ratios of log-scale intensity of 220 spot to 440 spot 

(log I220 / log I440) in <111> orientation TED pattern are plotted as functions of lithium composition, x. 

The plots for three thicknesses, 17, 40 and 134 nm are shown as blue, red and green lines respectively. (c) 

The ratios of log-scale intensity of 220 spot to 440 spot (log I220 / log I440) in <100> orientation TED 

patterns for two thicknesses, 17 (blue) and 40 (red) are plotted as functions of lithium composition, x. 
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