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The goal of this research was to measure Mn dissolution from a thin porous spinej@jMiectrode by rotating ring-disk
collection experiments. The amount of Mn dissolution from the spinel Li®relectrode under various conditions was detected

by potential step chronoamperometry. The concentration of dissolved Mn was found to increase with increasing cycle numbers and
elevated temperature. The dissolved Mn was not dependent on disk rotation speed, which indicated that the Mn dissolution from
the disk was under reaction control. Thesitu monitoring of Mn dissolution from the spinel was carried out under various
conditions. The ring currents exhibited maxima corresponding to the end-of-cttz®g® and end-of-dischargéeOD), with the

largest peak at EOC. The results suggest that the dissolution of Mn from spine}QiMrccurs during charge/discharge cycling,
especially in a charged statet >4.1 V) and in a discharged statat <3.1 V). The largest peak at EOC demonstrated that Mn
dissolution took place mainly at the top of charge. At elevated temperatures, the ring cathodic currents were larger due to the
increase of Mn dissolution rate.
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The rapid progress in development and widespread use of porthe variation of the manganese concentration in the electrolyte dur-
table electronic devices have led to a great demand for portableing the charge-discharge procéds 14162 though many chemi-
lightweight power sources. Lithium-ion technology has met thesecal analysis techniques were applied to the quantitative analyses of
requirements, and has been used commercially for over ten yeaIn such as atomic absorption spectroscq®AS), inductively
because it offers high energy and power density, high voltage, long<oupled plasma-atomic emission spectroscO@P-AES), differen-
life, and reliability. The performance of lithium-ion batteries is to a tial pulse polarography, and total reflection X-ray fluorescence
large degree determined by the cathode material. There have beddXRF), only a fewin situ techniques were applied to measure the
many studies of the cathode materials during the last decade. AIMn dissolution. Recently, Teradzt al. monitored the concentration
though LiCoQ has been widely used as the cathode material in theof Mn in an electrolyte solution during the electrochemical cycling
commercial lithium-ion batteries for many years, the lithium man- Py in situ methods using a combination of TXRF analysis and a
ganese oxide spinel LiMD, is a promising alternative cathode capillary techniqué?® The rotating ring-disk electrod®RDE) tech-
material in the future because of its high voltage, low cost, and"idue is another usefuh situ technique to measure the Mn disso-
environmental friendliness. These attractive characteristics mak%“uﬂgg gfe;]ge\/izrr)lgfe:hlgl\ggi(r?é Ieélegg?c?deé Ihnatshgse\(,avr?:‘li(ré :heex::\)/llgrgclisz?/-the
Z?el?:'?rli CLIMVrgﬁélz g(c&c\;d) c?nddlda:]t;tf)cr)irdlarge;:aesﬁacle blelﬁiglza(l}_tg{%s for RRDE technique. The RRDE was developed about forty years ago

o . - . : and has proved to be an invaluable tool for the study of electro-
applicationst However, capacity fading during charge/discharge cy- . . ; g
cling is a problem for the spinel, particularly at elevated tempera_chemlcal reactions. The RRDE consists of two concentric electrodes

tures. Several factors have been proposed to contribute to the cap gclzl(esa?:cir:lng deoISvCrf\r/Sgr%?’?nﬁ)ct)r/llénggﬁj 'Et'ilc;o'g?g(mg;sboggé?aet:éeg; the
ity fading such as(i) the electrochemical reaction with the g : g

. s . o disk reaction are swept outward by the convection caused by rota-
electrolyte at high voltagé? (ii) manganese dissolution into the b y y

| Ve d id K and a di . . h tion, and can be detected electrochemically at the ring by fixing a
electrolyte due t7° acid attack and a disproportion reaction at the,yential on the ring electrode. In this study, a disk electrode coated
particle surfact (2Mn,

soid 3t MNGig) + MNfouiony (i) with the spinel LiMpO, materials and the Pt ring electrode was
instability of the two-phase structure in the charged state leading tdixed at a Mr#*/Mnq reduction potential to collect the dissolved
the loss of MnO and dissolution of Mn to a more stable single-phaseMn2+ jons in e|ectro|ytes_ A|’[hough several different types of ex-
structure}®? (iv) formation of tetragonal LMn,O, on the surface  periments are possible at the RRDE, rotating ring-disk collection
of the spinel and the associated Jahn-Teller distortion at the end o&éxperimentRRCES and stripping voltammetrySV) were used to
discharge, especially under high current density, nonequilibriumdetect manganese ions generated by the dissolution of the spinel

conditions>1%* () formation of oxygen-deficient spinetd,(vi) cathode into the electrolyte at various reaction conditions in our
cation mixing between the lithium and manganese sites in the spineéxperiments. The Mn dissolution from spinel was measimesitu
lattice™® and (ii) loss of crystallinity during cycling**® under various conditions. Effects of cycle number, temperature,

Although many possible factors have been proposed to contrib-overcharge, and overdischarge on the spinel LiBlnelectrodes
ute to the capacity fading of the spinel LiM®, electrode, most of ~ were investigated. Measurements of dissolved? Mions from the
the evidence reported so far points to manganese dissolution at th@RCEs were compared with those from the inductively coupled
top of charge as the major reason for the capacity fading. It is esplasma-mass spectrometdCP-MS). Through this research, we
sential to investigate the dissolution behavior of the spinel electrodecould further understand the Mn dissolution behavior of the spinel
in order to improve the capacity fading of the spinel materials. Theelectrode and the variation of manganese concentration in the elec-
measurement of Mn concentration in the electrolyte solution is verytrolyte during the charge-discharge process.
important to understand the dissolution behavior of the spinel elec- Experimental

trode. There have been many papers describing the measurement of o ) ) ) )
Fabrication of composite disk cathadeComposite disk cath-

odes were prepared by wet coating. The composite disk cathodes
N ) . ) were made from stoichometric spinel LiM@, (EM Merck), acety-
zE'?;figgg%ig%?g@fwe Member. lene black, SFG-6Timcal), and polyvinylidene fluoridgPVDF)

binder(MKB-212C, EIf Atochem in a weight ratio of 86:2:4:6. The
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Figure 1. Schematic illustration of a four-electrode glass cell with the o -
RRDE system. <
et 20 1
s
spinel LiMn,O,, acetylene black, and SFG-6 were first added to a 3, ]
solution of PVDF inn-methyl-2-pyrrolidongNMP, Riedel-deHaen 1 mM M in 1M LIPF, + EC / DMC (1-1) electrolyte
The mixture is stirred for 20 min at room temperature with a mag- 0 ] sweep rate = 10mV/s
netic bar, and then with a turbine for 5 min at 2000 rpm to make a R e o = 500 fpm
slurry having the appropriate viscosity. The resulting slurry was
-80 T

coated ort a 6 mmdiam stainless steel disk and dried at 120°C for
40 min. The resulting coating had a thickness~d00 wm and an
active material mass 0f2.4 mg. The quantity of active materials on
the disk_electrode_s was kept constan0.2 mg The disk elec'_[rodes Figure 2. Cyclic voltammograms of M ion. (A) 3 mM Mm?* in EC/
were dried overnight at 100°C under vacuum before being transpyc (1:1) organic solvent cycled between 4.0 and 0.0V at 10 mV/s and 500
ferred to an argon-filled glove box for cell assembly. rpm; (B) 1 mM Mn2* in 1 M LiPFg + EC/DMC (1:1) electrolyte cycled

Electrochemical and ring-disk collection experimentghe  Petween 3.0 and 0.6 V at 10 mV/s and 500 rpm.
RRDE system(AFMT134DCPTT, Pine Instrumentswith inter-
changeable disk consist§ @ 6 mmdiam stainless steel disk elec- ] ) ]
trode and a Pt ring electrodd mm width with a 0.5 mm gap  Cell test, the spinel LiMgO, disk was cycled at 100 mV/s between
between them. The collection efficiency with this geometry is 0.24.3.0 and 4.5 V or an extended voltage range at various conditions
The rotating ring-disk assembly was operated on a Pine AFMSRXwhile the ring was held at 1.0 V to collect the fnions generated
rotator and CH705 Bipotentiost4€H Instrumentswith computer- from the disk electrode. Three tests were carried out for each con-
ized interface. Experiments were conducted using the spinel
LiMn,0O4-containing disk electrodes and the dissolved?Mifrom

0.5 1.0 1.5 20 25 3.0
Voltage vs. LilLi* (V)

the disk was collected at the Pt ring. Lithium felldrich) was used
as the reference and counter electrode. Figure 1 shows the schemat ;! (A ”
of a glass beaker cell with the RRDE system. A solution of LiPF . ngln ggncengoaﬁon ggpm)1
(1.0 M) in a 1:1(v/v) mixture of ethylene carbonat&C) and dim- 1mM -60 . . . .
ethyl carbonatéDMC) was used as the electrolytEerro Corp).. A ! i (@
glass beaker cell, filled with 10 mL electrolyte, was used for elec- i -30 |

. . + . . . L] .. 40
trochemical cycling and MiT ion collection experiments. For the = z .
quantitative analysis of dissolved ¥ihand the redox potential of & ’% }'3"' - 233 . 32,31
Mn?*/Mn, in the electrolyte solution, standards were prepared byg 20lo7em ® 209 ¢ YTESmmEesix
dissolving anhydrous MngI(Aldrich) into the electrolyte solution o Y *‘\ 104 *
or EC/DMC solvent. During the test, the spinel LiMDy-containing 74 Y \ 0 v y y
disk electrode potential was swept between 3.0 and 4/8.\/Li * °'5"‘M§‘§7 % *® Mn Concentration ()
at 10 mV/s. While the Pt ring electrode was held at 1.@s\Li. The 10 {0.4mi N
Li anode was isolated from the cathode by two layers of Celgard : ~ eew— - e
3401 separator and the Li reference electrode by a \Wcor tip to avoid 5 \':j:v*‘v*' ————g_ 8T
dissolved Mn ions deposited on the Li anode and reference elec- °"‘M&“D—<?—0~;:—~r:_““,‘“‘3:—,“—-, .
trode. The RDCE experiments consisted of the following sequential O 200 400 600 80 1000 1200 1400 1600 1800 2000
steps:(i) the LiMn,O, disk was cycled at 10 mV/s with various Time (seconds)

voltage limits and temperatures at a fixed rotation spdéjtfe Mn

dissolved in the electrolyte during the cycling was collected for 30 Figure 3. (A) The variation of ring current with time for standard &fnion
min, and (ii ) the collected reduction products were stripped from concentrations at (blank without Mrf* ion), 0.4, 0.5, 0.7, and 1 mMB)
the ring. Stripping voltammogran{§Vs) were collected by sweep- Initial ring current o) vs. standard MA* ion concentrations, based on 0
ing the ring potential from 0.8 to 2.8 V at 10 mV/s. For tinesitu mM asi, = 0.
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5 Table 1. Concentrations of dissolved Mif* ions at various cycle
numbers from the RRDEs and ICP-MS analysis result$.
41 1cycle
I Dissolved MR * ion Dissolved Mi* ion
1 |- concentration by RRDEs concentration by ICP-MS
— T Cycle no. (mM) (mM)
< 27 -
E 50 0.31 0.28
€ 14 100 0.58 -
2 150 0.75 0.81
8 0 200 1.6 1.52
%
e -1 @Based on 2.4 mg spinel LiM©, disk electrodes with 86 wt % LiMyO, at room
temperature.
24
234 increasing cycle number
~0.5 V in the electrolyté® A ring potential of 1.0 V was chosen for
4 , — . — — the collection experiments to avoid the'Lions reduction on the
28 30 32 34 36 38 40 42 44 46 ring electrode.

. . In this study, Mﬁ*/Mn(S) potential step chronoamperometry on
Potential vs. Li/Li" (V) the ring electrode was used to measure the dissolved Mn ion con-
Figure 4. Cyclic voltammogram of representative spinel LMDy disk cen_tratlon n the_ ele_ctrolyte solutlon.hl;gyre 3a shows _the _Varlatlon
electrode in the beaker cell cycled between 3.0 and 4.5 V at 10 mV/s and 508 1ing current with time for Standfr.d ion concentration in the
rpm with 1 M LiPF, + EC/DMC (1:1) electrolyte at 1, 50, 100, 150, and ~electrolyte at Q(blank without Mrf* ion), 0.4, 0.5, 0.7, 1 mM. The
200 cycles in room temperature. potential of the ring electrode was stepped from open to 1.0 V while
rotating at 500 rpm. In Fig. 3a, the initially recorded ring current
(i,0) is at its maximum and is proportional to the initial kfnion
dition, and the average performance was reported. In order to verifyffoncentration in the solution, as displayed in Fig. 3b. Since the
the dissolved MA" ions in the electrolytes, some measurements onrelationship between concentratigs. the initial ring current shows
the concentrations of Mri ions were also analyzed in ICP-Ms @& good linearity foii , from 0.4 to 1 mM of Mrf* ion concentration,
(Perkin Elmer, SCIEX ELAN 5000 The cell fabrication and all it can be concluded that the dissolved Mrconcentrations in the

measurements were carried out in a glove box filled with dry argon.€lectrolytes can be analyzed successfully by potential step chrono-
amperometry.

Results and Discussion . . . .
Cycle number effects on spinel dissolutiesThe cyclic voltam-

Mn?*/Mng vs. Li/L* redox potentia—The standard redox po- mograms for our spinel electrode cycled at room temperature
tential of Mr?*/Mny) is 1.87 Vvs. Li/Li . Cyclic voltammograms ~ (~30°C) between 4.5 and 3.0 V are shown in Fig. 4. The spinel disk
of 3 mM Mn2* [in EC/DMC (1:1) solveni and 1 mM Mrt* (in 1 M electrodes, which initially lose capacity rapidly with cycling, even-
LiPF+EC/DMC electrolyte cycled between 4.0 and 0.0 V at 10 tually, after about 50 cycles, begin to exhibit capacity retention with
mV/s and 1000 rpm are shown in Fig. 2a and b, respectively. ThecYcling as good as the best spinels. Capacities of the spinels were
reduction potential for MA* is ~1.8 and~1.58 V in the organic calculated from the cyclic voltammograms and exhibited the initial
solvent and electrolyte, respectively.*Lions are reduced below capacity of only 2.6 r_nAh/g in the first dl.schfarge. Only a fraction Of.

’ the actual capacity is accessible at this high sweep rate. The dis-
charge capacity declined to less than 10 mAh/g by the end of 200
high-rate cycles. The loss in capacity is 0.87% per cycle before 50

0 cycles and then, about 0.35% per cycle loss until 200 cycles. The

Ty 10
— 40 - " 5
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Figure 5. The variation of ring current with time for collection experiments
conducted under the room temperat(+30°C) at various cycle numbers of  Figure 6. Stripping voltammograms were conducted from the collected
spinel LiMn,O, disk electrode sweeping linearly between 3.0 and 4.5 V at Mn, on the ring electrode in this figure by sweeping the potential from 0.8
10 mV/s and 500 rpm. to 2.8 V at 10 mV/s.
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Figure 7. Cyclic voltammograms of three spinel LiM@, disk electrodes in
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Figure 8. The variation of ring current with time for collection experiments
conducted under various temperat8®, 45, and 58°Cafter 10 cycles of
spinel LiMn,O, disk electrode sweeping linearly between 3.0 and 4.5 V at
10 mV/s and 500 rpm.

200 cycles. The amount of dissolved Mn at 200 cycles is about 2.75
times as large as that at 100 cycles as shown in Table I. Therefore,
the Mn dissolution was accelerated for higher cycle number. A simi-
lar dissolution tendency was reported by Teradal!® In Fig. 4,

the rapid capacity fading initially is not caused only by the simple
dissolution of Mn since the Mn dissolution rate is almost constant
before 150 cycles. Another possibility for capacity fading originates
from the structural change and electrolyte decomposttiBigure 6
exhibits the stripping voltammograms conducted from the collected
Mn, on the ring electrode in Fig. 5 by sweeping the potential from
0.8 to 2.8 V at 10 mV/s. Only one peak, centered-&0 V in Fig.

6, is due to the oxidative formation of M from Mn, . in Fig. 2b.

Elevated temperature effects on spinel dissolutieMany
investigation&1418-2*have shown that the dissolution of Mn was
accelerated at elevated temperatures leading to a faster capacity fad-
ing. Plots of the cyclic voltammogram of three spinel LipDy disk
electrodes in the beaker cell cycled between 3.0 and 4.5 V with 10
mV/s, 500 rpm, ad 1 M LiPF; + EC/DMC (1:1) electrolyte, at 30,

45, and 58°C are shown in Fig. 7. The initial discharge capacities
were 26, 25.5, and 27.8 mAh/g at 30, 45, and 58°C, respectively.
The capacity for spinel LiMyO, disk electrode decreased slowly at

the beaker cell cycled between 3.0 and 4.5 V at 10 mV/s and 500 rpm withroom temperature by about 2.1% per cycle in the first 10 cycles as

1 M LiPFg + EC/DMC (1:1) electrolyte atA) 30, (B) 45, and(C) 58°C.

dissolved Mn ion in the electrolyte was measured during the cy-
cling. The variation of ring current with time is shown in Fig. 5 for

collection experiments conducted at room temperature at various

cycle numbers of spinel LIMJO, disk electrode sweeping linearly

between 3.0 and 4.5 V at 10 mV/s and 500 rpm. It is obvious that
the initial ring current increases with cycle number. The concentra-

tions of dissolved MA* ions in the electrolytes were estimated from
the correlation in Fig. 3. These measurements, along with compari

sons between the RRCEs and ICP-MS analysis methods for some

concentrations of dissolved Mh ions are shown in Table I. The

values of M#" concentration agree well. These results showed the

dissolved MA" ion concentration of 0.31 mM after 50 cycles at

room temperature. As the disk electrode was cycled, more Mn was

detected in the electrolyte. The rate of the Mn dissolution was fairly

Table Il. Concentrations of dissolved Mrf* ions at various cycle
conditions from the RRDEs analysis result$.

Experimental conditions Dissolved Mi™ ion

(after 100 cycles concentrationmM)
Effect of overdischarge
Disk scan between 2.7 and 4.1 V 1.06
Disk scan between 3.0 and 4.1 V 0.36
. Disk scan between 3.4 and 4.1V 0.13
Effect of overcharge
Disk scan between 3.4 and 4.3 V 0.27
Disk scan between 3.4 and 4.5 V 0.39
Disk scan between 3.4 and 4.8 V 0.84
Effect of rotation speedrpm)
500 0.56
1000 0.61
2000 0.62

constant up to 150 cycles, and then it appeared to accelerate. Ac-
cording to the experimental data from Table |, the average dissolved

2+ ; :
Mn<" ion concentration was about 0.44% for each cycle before 150  agased on 2.4 mg spinel LiM®, disk electrodes with 86 wt % LiMiD; at room

cycles and then increased rapidly to 1.63% per cycle by the end of

temperature.
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. ) 2 ) . Figure 10. RRDE profiles for Mri2 collection experiments conducted under
Figure 9. RRDE profiles for Mri? collection experiments conducted under 53°C and 1000 rpm at spinel LiM®, disk electrode cycled between 2.8 and
room temperature and 1000 rpm at spinel Li®y disk electrode cycled  , 5 v/ at 100 mv/s and fing electrode held at 1.0 N 1 M LiPFs
between 3.0 and 4.5 V at 100 mV/s and ring electrode held at 1.0 Vin 1 M ’

) + EC/DMC (1:1) electrolyte:(A) cycle 1 to cycle 10(B) cycle 5, 6, and 7.
LiPFg + EC/DMC (1:1) electrolyte:(A) cycle 1 to cycle 10(B) cycle 5, 6, & rolyte:(A) cy 4 (B) cy
and 7.

increases. The large increase of the®¥nich Li,Mn,0, phase at
S ) ] overdischarge to 2.7 V caused the concentration of Mn increase
shown in Fig. 7a. In Fig. 7b, the capacity-loss rate was about 3.0%apidly as shown in Table Il. The equilibrium potential for
per cycle during cycling at 45°C. When the temperature was in-| j_\Mn,0, formation is below 3 V, but it has been detected above 3

creased to 58°C, as shown in Fig. 7c, the initial capacity was slightly,, 24 the presence of tetragonab,Mn,O, on the surface is increased

higher, but the capacity faded much faster at about 7.8% per Cycleat the discharge of spinel LiM®, electrode below 3 V. The study

of the effect of overcharge on the Mn dissolution also exhibited

the variation of ring current with time for collection experiments Vf’a?‘rger rates of Mn dissolution as thg chqrgt_ed voltage is increased, as

conducted at various temperatut@, 45, and 58°Cafter 10 cycles shown in Table II. The concentration is increased rqpldly as t_he
C Y electrode overcharges to 4.8 V. The amounts of Mn dissolution in-

between 3.0 and 4.5V at 10 mV/s and 500 rpm. In Fig. 8, the Iargercrease at the higher charged voltage can be attributed to the forma-

initial ring current at a higher temperature indicates that the amounhon of instability in the delithiated structure at the top charged state
of Mn dissolution increases with elevated temperature. The concen. hich losses MnO through dissolution of Mn to a more stable

trations of dissolved Mn were evaluated to be 0.22, 0.33, and 0.69.. 9
o | L single-phase structufé®® Table Il also shows that the concentra-
mM at 30, 45, and 58°C, respectively. The amount of dissolved Mn ions of Mn detected were independent of the speed of rotation,

e e e 1S sUggess i i ssolion from e s lectrode nas
yCIEs. P nder kinetic control, in agreement with the literatle.

Mn was accelerated at elevated temperatures above 45°C, in agree-

ment with the literatur&:'® Figure 7 and 8 show that the data ex- In situ measurements of Mn dissolution during cychaghein
hibiting the capacity fading is definitely coincident with Mn disso- situ monitoring of Mn dissolution from the spinel LiM®, elec-
lution at elevated temperatures. trode was carried out during cycling voltammetry or galvanostatic

charge and discharge by means of the RRDE collection experiments.
Effect of overdischarge, overcharge, and rotation Figure 9a shows both the disk and ring current profiles for the first
speed—Several collection experiments were carried out to study the10 cycles of the spinel electrode between 3.0 and 4.5 V with a sweep
effects of overcharge, overdischarge, and rotation speed. Theate of 100 mV/s and room temperature. The ring electrode was held
amounts of Mn dissolution after 100 cycles under various conditionsat 1.0 V, and the rotation speed was 1000 rpm. The disk anodic and
are summarized in Table Il. The results show that manganese diss@athodic currents corresponding to charge and discharge were stable
lution increases upon decreasing the lower voltage limit. As theover the first 10 cycles. In conjunction with the disk electrode, a
spinel electrode discharges the Mrcontent in the spinel electrode  regular shape of the ring current was observed after the first cycle as
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Figure 11. RRDE profiles for MriZ collection experiments conducted under
room temperature and 1000 rpm at spinel Ly@y disk electrode cycled  Figure 12. RRDE profiles for Mri? collection experiments conducted at
between 3.0 and 4.5 V at 100 mV/s and ring electrode held at 1.0 V in 1 Mroom temperature and 1000 rpm at spinel Lij@y disk electrode cycled
LiPFg + EC/DMC (1:1) electrolyte:(A) cycle 1 to cycle 100(B) cycle 100 between 2.0 and 5.0 V at 100 mV/s and ring electrode held at 1.0 Vin 1 M
to cycle 200,(C) cycle 200 to cycle 300(D) cycle 300 to cycle 400. LiPFs + EC/DMC (1:1) electrolyte:(A) cycle 1 to cycle 10(B) cycle 7, 8,

and 9.

shown in Fig. 9a. The ring cathodic peak current indicated that some

Mn atoms dissolved from the disk electrode into the electrolyte so-tnan those in Fig. 9b, as expected at higher temperatures. It is clear
lution, forming soluble oxidized Mi¥ ion species that were reduced that the dissolution of the Mn rate is increased at elevated tempera-
on the ring electrode. In all of then situ studies, the first cycle tyres. This result is in good agreement with those in Fig. 8. The first
exhibited a larger ring cathodic current due to the fresh Pt ring morefive cycles exhibited a larger ring cathodic current decay due to the
active for Mn"? deposition. Figure 9b shows expended RRDE pro- ring's greater activity at high temperature for Mn collection.
files for cycles 5, 6, and 7. Obviously, the ring cathodic current  For the room temperature experiment, cycles were continued up
increased from about 3.5 Misk potential and became noticeable at to 400 cycles as shown in Fig. 11. The first 30 cycles exhibited a
potentials above 4.0 V and then reached a maximum when the diskarger ring cathodic current decay due to the ring’s greater activity
potential went up to 4.5 V during the charged process. On the cafor the Mn collection. The shape of the profiles was steady up to
thodic sweep, the ring cathodic current became noticeable at a paabout 320 cycles, and the maximum ring cathodic currents de-
tential below 3.1 V(disk potential and reached a maximum when creased slowly after which the ring cathodic currents became irregu-
the disk potential dropped to 3.0 V. The ring currents exhibited |ar. The slow decrease of the maximum ring cathodic currents is
maxima corresponding to the end-of-chareOC) and end-of-  attributed to the occupation of the reduced Mn on the Pt ring surface
discharge(EOD), with the largest peak at the EOC. These results causing the ring to be less active for Mn collection.
suggest that dissolution of Mn from spinel LiMB, is the highest at In order to study thén situ monitoring of Mn dissolution during
voltage end points, with most of the Mn dissolution occurring at the overcharge and overdischarge, the RRDE profile was examined be-
EOC. This is in good agreement with most of the evidence reportedween 2.0 and 5.0 V. Figure 12 shows the disk and ring current
thus far which points to solubility at the top of charge as the major profiles for the first 10 cycles of the spinel LiM®@, electrode were
reason for the capacity fade in Li{LlMn,]O, cells. scanned between 2.0 and 5.0 V at 100 mV/s. With this wide voltage
The effect of elevated temperature and overdischarge of the spiwindow, the disk currents for charge and discharge decreased sig-
nel electrode with the RRDE profiles is shown in Fig. 10a and b. nificantly indicating rapid capacity fade, as discussed above. In con-
Figure 10a shows the disk and ring current profiles for the first 10junction with the disk electrode under charge and discharge, a regu-
cycles when the spinel LiMyi®©, electrode was scanned between 2.8 lar shape of the ring current was observed after the first cycle in Fig.
and 4.5 V at 100 mV/s at 53°C. The shape of both disk and ringl2a. Figure 12b shows the expanded RRDE profiles for cycles 7, 8,
currents in Fig. 10a was similar to that in Fig. 9a. Both had two and 9. It is obvious that seven ring current maxima are observed in
maximum ring currents appearing in the same region of the diskthis voltage range. The first three peaks occur at disk potentials of
potential. However, the ring cathodic currents in Fig. 10b are larger2.3, 3.9, and 5.0 V on the anodic sweep and the other four peak
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occur at 4.5, 3.5, 2.9, and 2.3 V on the cathodic sweep. These ob-
servations suggest that the dissolution of Mn from spinel Li®in
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Conclusion

Mn dissolution from a thin porous spinel LiM@®, electrode was 3

measured with rotating ring-disk collection experiments. During 4.
room temperature cycling in the normal voltage window for 5.
LiMn,0O,, Mn concentrations increased linearly with cycle number 6.
correlated to capacity loss from the spinel up to 150 cycles. After ;.
150 cycles, the Mn dissolution rate was accelerated. From the study
of collection experiments at 30, 45, and 58°C, the amount of dis- 8.
solved Mn at 58°C is about three times as large as that at 30°C after®
10 cycles. The concentrations of dissolved Mn in the electrolyteq
were increased when the disk electrodes were overcharged and overt.
discharged, suggesting that the acceleration of the Mn dissolutior2.
occurred during these processes. However, the detection of dist®
solved Mn was independent of the rotation speed of the disk, whichy,
indicated the Mn dissolution from the disk as well as#Vimeduc- 15.
tion on the ring were under reaction control. 16.
The in situ monitoring of Mn dissolution from the spinel 17
LiMn,O, electrode was carried out under various conditions. The
ring currents exhibited maxima corresponding to the EOC and EOD 19.
with the largest peak at the EOC. The results show that dissolutio
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<3.1V). The larger peak at EOC demonstrated that Mn dissolution
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