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ABSTRACT. In this review, we describe the electrochemical properties of spinel-type lithium manganese ox-
ides (LiMn,0,) and their failure modes encountered in 4 V lithium rechargeable cells. The long-term cyclability
(reversibility) of spinel electrodes is determined partly by the purity, size and distribution of spinel particles, and
also by the microstructure of electrode plates. A proper selection of electrolytes is another important task in cyc-
lability enhancements. In the spinel preparation, impurity formation and cation mixing should be minimized. The
carbon content in composite cathodes should also be minimized to the extent where the cell polarization does not
bring about adverse effects on cell performances. The binder content should be optimized on the basis of disp-
ersion of component materials and mechanical strength of the plates. Cathodic capacity losses arising from sol-
vent oxidation and spinel dissolution can be mitigated by using electrolytes composed of carbonates and/or flu-
orine-containing lithium salts. The carbon additives may be selected after a trade-off between the cell polarization
in composite cathodes and the solvent oxidation on carbon surface.
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Fig. 1. Cyclic voltammograms within 4.2 to 5.1 V potential range for LixMn20/EC+DMC+1 M LiPFe/Li cells using
samples of various nominal compositions that have been either slow-cooled (a) or fast cooled (b). (ref. 19)
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Fig. 2. Effects of axial distortions on the energy of the d*
configuration.
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voltage range from 3.9 to 4.2 V for sample C. (ref. 53)
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Fig. 6. Concentration of Mn® ions in the electrolytes as
a function of time and cathode potentials. The composite
cathode, loaded with 600 °C-calcined spinel, was po-
larized at a fixed potential and Mn™ concentration was
monitored with time.
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Table 1. Ionic conductivity of liquid electrolytes

onductivity at 20°C

Li salt Solvent (1:1 v/o) C (mS/cm)
1M LiCIO, PC/DME 12.5
PC/DEC 4.3
PC/DMC 6.7
EC/DEC 5.6
1M LiBF, PC/DME 8.9
PC/DEC 2.5
PC/DMC 42
EC/DEC 3.6
1 M LiAsFg PC/DME 13.1
PC/DEC 6.7
PC/DMC 10.5
EC/DEC 7.5
1 M LiPF, PC/DME 13.6
PC/DEC 6.6
PC/DMC 10.0
EC/DEC 7.2
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Fig. 8. Accumulated charges passed during solvent ox-
idation in different salt solutions (PC/DME). The used
composite carbon electrode was prepared with Ketjen-
black EC and Teflon binder (86:14 in wt ratio). The po-
tential was stepped from 3.2 V to 4.2 V (vs. Li/Li").
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" w7l slth e Ay ARSLES A A2]E A
179 ¥R-& AA AMnOy7} A== FA A
7o) Mn™*e| ez gai=cky ¥ vy Ik

1) Direct oxidation of THF

() —— (Je+H +e (12)
2) Mediated oxidation via perchlorate radicals
ClOo,~ +ClO, +e” (13)

+CI0,+ () —= HOO+( ).  (14)

3) Further oxidation

[oj. — [:l] +H +e” (15)
on. . @++e' (16)
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2LiMn,0, + 4H* — 31— MnO, + Mn?* + 2Li* + 2H,0
a7

234l 43189 438 JAlsr] Yalxe A
A Abslakg-oll A3} o] & carbonate AlF 2] -§-71-8-
wjol fluorineo] EFF=e} Sl B FHE AR A
dodo] Sals)c) vl LiPFE 2lE9og AL23)
22} & g awke] fEd o A|(18) o] 4
A FalEle] AR A, o]FA AR AR
Table 2|4 R= A A9 435S £34)7]
7] ol AARE 9171 g8 3

LiPF, + H,0 — LiF + 2HF + POF, 18)

L=roh

HA AFT AANH 29 ABLELS AVAEE
7b 2%107° Sjem =2 olx) AFAYL Fo]
7] $18) B ofe] =AAr) asie). Fo) B
H AFAES ¢ 2 TAANY] £Fo wet =
F Aol AT BT FollA W 10~20 wt%
& AN A g} AR AHSEE THEEY
o] &EA v} 10~10000] Hx FHA o] 7] W&
ol AajAze] ukga g AR zAe] glefok
g}, w3l sHREAe wdel o] F79] Akg
718 7IRIZ i) oled Asldsrle FHRe
A7)AEE ¥ opg) A7) spahibgol] 2§
& 713k 22y oA 7R ol2ljt Abstas7) 7}t
A Ao ubgol oJw3t JegE nlxEx] FAH
Q! AFAI} gl AAolrh = A =29
A 715 Aol FA 2] Huehs S &
£ ikl =AY Qlat Abe]e] PEFHAo] F23
Wa2 ahgsiA "o ol#3 AL 443
o] HER Fof FF2] BT Akt g
ook FHE AR e] EHA ] AR Ak

Table 2. Dissolved Mn contents analyzed after the com-
posite cathode (spinel:Ketjenblack EC:Teflon binder=72:
20:8 in wt ratio) was contacted with freshly prepared
electrolyte solutions of different Li salts for 2 days

Li salt Dissolved Mn contents (mM)
1M LiPF, 0.55

1M LiBF, 0.03

1M LiClO4 negligible

1M LiAsF, negligible

1 M LiCFsS0; negligible
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Fig. 9. Linear sweep voltammograms recorded with car-
bon composite electrodes (carbons:Teflon binder=86:14

in wt ratio, apparent area=1 cm®) in PC/DME (1:1) + 1

M LiCIO, electrolyte. Scan rate=1 mVs . The carbon

surface area is indicated. The background currents were
subtracted from the raw data.
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Fig. 10. Discharge capacity profiles of Li/LixMn2Os
cells. The composite cathodes consist of spinel powder
(surface area=21.2 m?g™"), carbon additive and Teflon
binder in 72:20:8 wt ratio. The cells were cycled gal-
vanostatically (1 mAcm ) in the potential range 3.6~4.3
V (vs. Li/Li").
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Fig. 11. Dissolved Mn”* contents in the intermittently
sampled electrolytes with repeated cycling. The analysis
was made utilizing differential pulse polarography. The
experimental conditions were the same as for Fig. 10.
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Fig. 12. Ac impedance spectra obtained with the Vul-
can XC-72 composite cathode. The cathode composition
and cycling conditions were the same as for Fig. 11.
The measurements were made at an open-circuit con-
dition after the cells were discharged down to 3.6 V.
The solid line indicates the best-fitting with the e-
quivalent circuit depicted in the inset.
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alch AEAQ o2 AAE Fig. 1200 vreblisd
t}. o] AL ARE EAEY] A8 AR’ 7t
3| 28 Fig. 129] insetel] Yehigl sz, o] S22
A Ao s S5 3h-& Table 3¢ Yebylict.
A2 RE T3} 7|20 Ajole] WA
HEE e, R STl £4 Q1A
o 23] QIAHAIo)S) AE MeE, Ret T F o
o] ARgla} FEubgol i3t AFHHE AES, Zoe
Warburg 3| Ag 22]51 Cy AFAAASL %k
Fa}e) 2] A 7|o)FZ(double-layer) A HAHAE }
ehfic}. Q& CPE(constant phase element)Z Felu]
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Table 3. Impedance parameters obtained with the Vulcan XC-72 loaded composite cathode

Number of R, Ca Q*@™ R, Qr@Q™ R, Zw
cycles (9) (Farad) Yo n © Yo a @ @
initial 3.74 010 1.77x107°  1.00 134  490x10™*  1.00 0.40 0.43

13 3.95 022 941x10°%  1.00 565 140x107%  1.00 1.58 0.11
34 3.90 022 163x107° 094 103 7.87x10°* 081 3.61 0.08
48 3.61 052 179x10°° 093 119 685x10°* 061 438 0.07
63 3.49 064 169x107° 093 137  143x107°  0.69 6.03 0.07

*Q is the circuit description code representing the constant-phase element (CPE). Representation of CPE in admittance

is Y(@)=Y, - (jo).
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geneity), == FA o} 3}3}eFZ (stoichiometry)©]
Ro] Fol 710eL? WAL W42 n go] 06
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o 209 Y3 Exel 2FAD W] Hol
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Fig. 13. Evolution of (a); R; and (b); R, with a repeated
cycling. The results were obtained after deconvoluting

the impedance spectra, one of which was presented in
Fig. 12.
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