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(eneral Introduction

In fact. numeraus studies have been conducted to obtain information about the
chemical compositions and structure of the surface film. These studies were carried out
ustng many hinds of spectroscopic. electrochemical, and microscopic analyses, for example,
i sifu and ex iz Fourier Transform Infrared Spectroscopy (FTIR) ¢ ¥ in sifue X-ray
Duifraction 1 XRD) ~ ', Electron Probe Microanalysis (EPMA) "' ' in-sire Raman
Spectroscopy ' ', X-ray Photoelectron Spectroscopy (XPS) i, Auger electron
spectroscopy (AES) *17%. electrochemical impedance spectroscopy (EIS) #" %,
clectrochemical quartz crystal microbalance (ECQCM) Y. the electrochemical scanning
vibratmg electrode technique (SVET) ™. and scanning probe microscopy (SPM)
Howener. the condition of the surface film has not clarified yet in spite of these efforts by
many researchers. Table 3 shows a summary of the results of the surface analysis ol
hthium mietal in various electrolytes. In this table, different chemical compositions were
reported even when the same electralytes were used. This inconsistency complicales the
understanding of the surface film condition. The following two points have been considered
as reasons for this tnconsistency.

¢ 1) difference in the analytical technigues
(21 difference in the nitial surface condition of the lithium metal
Especially, the latter had been neglected for a long time. The latter point seems to be the
main reason for such confusion in the study of the lithwum surface. The following points
are the different initial conditions of the lithium metal used for analysis.
(1) as-received lithium metal (lithinum metal without pre-treatment before analysis} e
(2 lithium metal with pre-treatment for exposure of fresh surface (lithium metal whose
surface is cut by a stainless kmfe *#*'** oretched y ano ¢ dissolution ey

1

(31 electrodeposited lithium ~
(4) ithium prepared by vapor-deposition **'*
{5) amalgamated lithium'"!

Based on these different conditions, it follows that the reports by each researcher can not
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Table 3 Summary of the reports for chemical compositions of surtace film on hithium

metal in various nonagueous electrolytes.

Elez:;‘:‘g:: or Surface film References
LiCI0 X L1 COy, [64]
L1.CO,. LiCl, partiaily chionnated hydrocarbon F 4]
Li €0, LiCl. LIOCO.R (CH.CHCH.OCO L1, -
CH CHCHOCO.L1, LIOCH (CH,)CHOCO.L1) 221
Li.0), LaOH, L,CO . LiCl (minor} [371
L1AsF /PC 11 CO Lk LiOCO.R 1221
11 CO  LiOH. L1 O, LiF 17
DEC CH,CH OCO.Ly. CH,CH OL: 1221
(LICI0 /MEC) L €O LiIOH L1 O LIOCOR. LiCl iminor [ 26
(LiPF /DECY 11 CO., LiOH, Lt 0. LiF [26]
LiAst /THF BuOL: LiF. -As-O-As- [38]
LiOCH.CH,CH.CH, |66]
LiOR. LsF, L1 Ask {23
L1, €O, LIOH, 11,0, LiF (nunor}) 1631
-O(CH.)-THF, F, As-O-As-F, 134]
LiAsF /2MeTHF CH,1CH.,OL1, CH . CH(OL1CH.CH CH, [67]
LiAsF /DME CH OL, LiF (65]
LiC10,/4-BL CH.CH,CH,CQ, L. cyclic B-keto ester anion [68)
LIOCO R. Li,CO . LIOH, L+,0, LiCl (mmor) {63]
LiCIO,DOL, ;H {; ]}z[;] CH,CH.OL1. LIOCH CH (OCH 10X (X=OL1. (69]
LiCIQ /MF CH OL.. 1.OOCH 170]



















General Introduction

electrolyte and the high stabihity of the solvent with hthrum metal. As a result of the
charge-discharge cycle (est using a quast practical battery cell, it was found that the
coulombic cftictency ol lithium metal anode 18 significantly improved to almost 100% .
Thiv result strongly indicates the possibility to realize a practical rechargeable lithium

hattery using lithium metal anodc
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Chapter 1
Surface Condition of Lithium Metal after Immersion in Various

Propylene Carbonate Electrolytes

1-1 Introduction

Electrodeposition of lithium metal is a very important in the charging process of
rechargeable lithium metal bhatieries. Usually, the morphology of lithium deposited in
nonaqueous clectrolytes has been tound to be in dendritic shape. The dendnitic hthium are
related to a battery failure phenomenon occurning durmg discharge and charge cycles
This morphalogical phenomenon of lithium has been discussed. based on surface vondition
of lithium metal m nonagueous elecirolytes. Inthe “solid electrolyte interface (SkEH model” .
the phy~ical and chemical conditions of surface film on lithium metal sirongly affect e
electrochemical behas jor of Jithium metal anodes' ' . Therefore. many studies have been
extensively performed to analyze surface films on lithium metal in nonagucous electrolytes
using various spectroscopic methods S

On the other hand. lithium metal foils are usually uscd as the anode of the
rechargeable Iithium battery  Espectally, as-received lithium foil is important as a practicul
lithtum anode. It 1< originally covered with an surface film formed by chemical reactions
of lithium metal with active gases (O,. H,0. CO,. etc.) in the atmosphere during preparation
or storage of lithium foils . Such surface films are called “native film”. consisting of
various basic lithium compounds (Li,CO,. LiOH, and Li,0). The native film can not be
ignored in the sense of electrodeposition of lithium on the as-received ittuum foil. However,
the condition of the native film in the electrolyte was not still well-known. In this chapter,
surface reaction of as-received lithium foil in propylene carbonate (PC) electrolytes was
investigated with various methods. Moreover. the morphology of lithium electrodeposited

in the PC electrolvtes were observed with scanning electron microscopy.
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Figure 1-10 XPS spectra of C I for the
Iithium foil after the 1mmersion 1n PC
contarming 1.0 M ta) LiCIO, (b) LiCF SO |
and tc) LiPF for 72 h.
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(b) LiCF,SO/PC for 72 h
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Figure 1-11 XPS spectra of O 1s for the lithium
foil after the immersiom in PC contaming 1.0 M
(a) LiIC1O,. tb) LiICF SO, and (¢} LiPF_for 72
h.
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Chapier 4
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Figure 4-12 Cole-Cole plots for lithium deposited on sub s from PC

containing 1.0 M LiClO, (a) without HF, or with (b) 0.50 mM HF, (c) 25mM-

or (d) 10 mM HF at 0.2 mA cm™ ( charge ; 1.0 Ccm * ). Impedancen  urement
for lithium was performed at open circuit voltage after electrodepo of lithium,
the amplitude of the alternating current was SmV, and e frequency inge was
kHz 001 Hz The sign fc indicates the characteristic frequency.
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Ni substrate. The semicircles in the lgh fiequency region are too large to be attributed t
the charge transfer resistance and the characteristic frequency s oo low to be attrtbuted ro
the charge tansfer process. Therefore, in these cases the resistances obtained {rom these
Cole-Cole plots correspond to the resistance of the surface film. The diameter (70 €2 cin)
of the semictrele in Figure 4 12 (¢) was smaller than that tabout 200 2 cm'y in bigure 12
(d). The low resistance of the surface film on hthwm deposited from PC electrolvic
containmg 2.5 mmol dm  HF may be due to some dendritic lithium deposited at several
localized points, The miluence of the dendnitic lithium on the resistance of the surtace
filmm 15 confitmed by the difference between the characienistic frequencies seen m Figuic

4-11 (¢) and (d).

d-3-4 Polar-ation-tune transients during electrodeposttion from PC electrolytes c omtamnie
HE

The tormation of the surface film and the morphology of lithium influences the
polanzation of lithrum during the electrodeposition. Figure 4-13 shows the charge curves
for propylene carbonate contammng 1.0 mol dm * LiCIO, and various HE woncentrations at
0.2 mA cm °, The polarizations for the electrodeposition of lithium n a dendntic torm
were smaller than those for the same electrodeposition in a hemispherical shape. The
overall polarization of electrodeposition is generally the result of a combination of the
activation polarization, concentration polarization. electrolyte bulk resistance, and surface
film resistance. From the charge transfer resistance of lithium (see the discussion of
impedance ). the activation overveltage at 0.2 mA cm ° can be estimated to be in the range
of about 0.18 mV to 1.8 mV (at such a narrow overvoltage, the current 1s Jinearly related to
overvoltage). Therefore, the activation overvoltage can not be a main compenent of the
overvoliage in the electrodeposition of lithium at a high HF concentration. Furthermore,
the concentration polarization in the electrolyte can be expected to be insigmficant for the
polarization ot lithium deposition because the current density is low. The bulk resistance

n our experiment was found to be 10 ~ 20 Q cm” (see the impedance spectra in Figure 4-
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. . : Appendia
General Conclusion

analyses. Conseguentty, the deposition of hthium particles with an extremely smooth Appendix 1
hennspherical form was accomplished by the addition ot an adequaie amount of HI Binding energies of various lithium compounds
mto the clectroly tes (Chapters 3 and 4.
3. The line lithum paniicles electrodeposited in electrolytes containimg HE were covercd
with a hughly stable and ultrathin (20-50 A) tilm consisting of a LiF/Li O hilayer The

formation of this sutface film can be expluined by the acid-base reactions of the various

Maste lithium compaounds 1L CO | THOH, L1 O. etc.) with HF. Various surface analyses

{XPS. SEM. EIS, AFM. and SPoM) revealed that the surface film was sufticiently Table A-1 Binding energies of various lithium compounds
unform and smoothed the current distribution of Li” 1ons at the lithium/electrolvie Compounds Binding energy* / eV
: e Lils Ols Cls Fls Cl2p
interiace ¢the current distribution promotes the dendritic lithiumy. Morcaver, the tine
Li.O 53.740.1 528.840.1
Lithivm particles showed a high reversibility (the coulombic etficiency > 80%% ) of LiCH 54.6+0.1 531.610.1
deposition and dissolution (Chapters 5 .6. and 7). Li CO, 55.040.1 5320201 290.]130.1
. . - . LiF 56.010.1 685.5+0.1
4. Some in-sre surface analyses (ECQCM and AFM) showed the cause for the loss 1 20, LiCl 56.010.1 199.00.1
ot the amount of electric charge) 1n cycle efficiency of the lithium particles deposited in
an clectrolyte containing HE. The loss 1s strongly related to the consumption vf the “The binding energies were calibrated by the Cls peak (285.0 ¢V) of a residual

' i arbon gas adsorbed on samples in XPS analysis chamber
lithwum metal through a chemical reaction with the electiolyte during the dissolution hydrocarbon g p

process {Chapters 6 and 8).

3. The most effective additive (HF complex) was proposed based on the above
mnvestigations using HF, and the possibility to realize a practical recha geable lithium Table A-2 The Volume of Lithium and Lithium Compounds per | mole Lithium Atom
battery with a lithium metal anode was demonstrated using the charge-discharge cvele
test (Chapter 9). Compounds Molar Volume(cm'y  Volume per | mole Lithium Atomicim')

Li CO 352 17.6

The most charactenstic point in the present paper is that a small amount of HF, which had LiOH 16.4 16.4

been considered as the impurity in nonaqueous electrolytes, is used as an additive for LiOHeH.O 278 278

wrf fification of the I L . , LiF 9.84 9.84

surtace modification ot the lithium metal anode. The suppression of the formation of Lo 14.8 7.42

dendntic ithium was accomplished by the surface condition control of the lithium metal Lithium metal 13.0 13.0

using HE or HF complex. Consequently. the present study shows light on the realization
of a pracucal lithium metal anode for rechargeable lithium batteries,

~175-
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Appendiv

Appendix 2
Influence of x-ray radiation and Ar ion beam radiation on
lithium compounds

In general. decomposition of chemical compounds by x-ray radiation or Ar ion heam
radiation are one of the serious problem for XPS depth analysis. Therefore. damage of
some lithium compounds. such as L1,CO,. LiOH, LiF, by x-ray radiation and Ar ion beam
radiation was checked before the XPS analysis. Powders of these pure compounds were
pelictized in a 6 mm diameter disk shape, and then were exposed to x-ray radiation (8 kV,
30 mA) for | hour or Ar ion beam (acceleration voltage, 2 kV: ion beam current. 8 LA ) tor
40 min in the XPS analysis chamber. LiF and Li,CO, powders were purchased from Wako
Chemical Industries, Ltd., and LiOH was synthesized by a vacuum drying treatment of
L1OH-H.O powder (Wako Pure Chemical Industries, Ltd., Japan) for 24 hours at room
lemperature. Anhydrous LiOH was identified by an x-ray diffraction pattern under a dry

atmosphere.

Influence of x-ray radiation and Ar ion beam radiation on lithium compounds

Figure A-1 shows the XPS spectra of Li 1s, O 1s, F 1s, and C 1s for LiF, LiOH, and
L1 ,CO, standard samples before and after the x-ray radiation and the Ar ion beamra ation
(the Ar ion etching). Two peaks were observed at 56.0 eV and 685.5 eV in the XPS
spectraof Lt Is and F s for LiF (Figure A-1 (a) and (b)). respectively, before either the x
ray radiation or the Ar ion beam radiation. These spectra were not changed by the -ray
rudiation and the Ar ion beam radiation. Two peaks were observed at 54.7 eV and at 531.6
eV in the XPS spectra of Li 1s and Ols for LiOH (Figure A-1 (c) and (d)), respectively
These peaks were not significantly changed by the x-ray radiation, : hough a slight
decomposition of LiOH to Li,0 (at 53.7 eV in Li Is, at 528.8 eV in O Is) was observed

after the Ar ion beam radiation for 20 min. However, no scrious decomposition was
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LiF LiOH
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Figure A-1 XPS spectra of Li 1s, Fls, O 1s, or C 1s for
(a. by LiF, (¢, d} LiOH, and (e-f) Li,CO, standard
samples before and after the x-ray radiation (8 kV, 30
mA) for 1 hour and the Ar ion beam radiation
(acceleration voltage : 2 kV, ion beam current ; 8 yA)
for 20 and 40 mun
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ohserved atter the consecuuve Ar 1on beam radiation.  These spectra indicate that the
influence of the Ar t1on beam radiation on LiOH is not significant. Peaks were observed at
55.0eV,532.0eV, and 290.2 eV in the XPS spectraot Li Is and O 1s, and C Is for Li,CO,
(Figure A-1 (eb. (1 and (g)). respectively. A peak at 285.0 eV in the C s spectra is due to
a hydrocarbon gas adsorbed on the sample in the XPS analysis chamber. A slight
decomposition of 1.1 CO, to L1.O was observed in the spectra after the Ar ion ctching.
This decomposition of Li,CO, by the Ar ion beam radiation is negligible. From these
results, 1t can be concluded that all compounds are sufficiently stable for the present study

ot the surface chemical conditions of lithium metal from XPS depth profiles.
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