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Abstract

It has been demonstrated previously that Li may be removed electrochemically from Mn containing oxides beyond the maximum oxidation
state of 4+ for Mn in an octahedral oxygen environment. Here we present a comparison of such overcharge behavior in a series of different
layered lithium manganese oxides includingMnOs, Lix[Mn;_,Liy]O,, (y <0.2), and Li[NiLi1/3- 2¢3Mng3_ 3]0, (0 <x < 0.5). We show
that there are two competing mechanisms by which electrochemical extraction of lithium can occur in Mn (4+) systems. In the first Li removal
is accompanied by © loss (effective removal of LD) whilst the second involves oxidation of the non-aqueous electrolyte thus generating
H* ions which exchange for Li At 30°C the first mechanism is dominant in all examples studied, whilst aC3he proton exchange
mechanism becomes more important. Af@H" exchange is more prevalent iLbMnOs than in the other two cases. The preference for O
loss in the Mn/Ni system may be understood in terms of the ease with which Mitidose oxygen.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Li[Ni xLi1/3— 2x3Mn2;3_x3]02 (0<x<0.5) all having the
03 structure (ABC oxygen stacking). As they adopt a lay-
The inability to oxidise Mn beyond Mt in an octahe- ered structure, the Liions are expected to be mobile and
dral oxygen environment was thought to limit the quantity hence any limit on the ability to extract lithium must be due
of Li that may be removed and led to the widespread belief to other factors.
that oxides containing M were electrochemically inac- By using a range of techniques including chemical anal-
tive [1,2]. As a result, MA* compounds such as iMnOs ysis, combined thermogravimetric analysis and mass spec-
(which adopts a layered structure LifldMn2/3]O2), despite troscopy (TG-MS, in which the gases evolved during heating
being rich in mobile Lt ions, were considered electrochem- are analysed using a mass spectrometer) and XPS, we have
ically inert. Recently, however, electrochemical removal of been able to identify the processes involved in the overca-
Li beyond the MA* limit has been discussed. Charge com- pacity (Li removal beyond Mit) of each of these systems,
pensation by oxidation of M to Mn°* has been proposed  both at 30 and 55C. In addition, powder neutron diffrac-
[3]. However, a more likely explanation has been advanced tion studies on Li[Mn; _yLiy]O, at various states of charge
by Dahn et al. based on oxygen Idds5]. Such additional have enabled the identification of the various phases and pro-
capacity to deliver Li could have important repercussions for vided confirmation of the proposed mechanisms of lithium
use of lithium manganese oxides in rechargeable lithium bat- extraction.
teries. In each of these systems two mechanisms of electrochem-
In order to investigate this phenomenon further we ical Li removal are found to operate beyond the®timit.
have studied the electrochemical behavior of the layered These are the loss of oxygen (effective removal ofQ)ias
compounds LiMnOgz, Lix[Mny_yLiy]Oz, (y<0.2), and proposed by Dahf5—7], and proton exchange for Liin
which the protons are generated by the oxidation of the non-
* Corresponding author. aqueous electroly(®,9]. The interplay between these mech-
E-mail addressara@st-andrews.ac.uk (A.R. Armstrong). anisms is subtly dependent on the conditions. Presenting the
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results for these three systems in one paper facilitates compar- Electrochemical measurements were made using two-
ison between them. The three systems vary in their complex-electrode coin cells comprising a lithium manganese oxide
ity. Inthe case of LiMnOs the ratio of Li:Mn onthe transition ~ working electrode and Li metal counter electrode. The elec-
metal sites is fixed at 1:2 whereas iginy _ yLiyO, it varies trolyte was either a 1 molal solution of Lighnh EC:DMC
with y and in the case of Li[NLi1/3— 2¢3Mno3—x3]02 (1:1) (Merck) or 1 molal LiPE (Hashimoto) in ethylene
a second transition metal is introduced. These variations carbonate/diethyl carbonate 1:2 (V/V (Merck)).oMnO3
have a profound effect on the balance betweé&rekthange electrodes were fabricated either as composite electrodes
and O loss with consequent differences in the capacity andfor extended galvanostatic cycling experiments or as pressed
reversibility of Li intercalation. pellets. The composite electrodes were formed by casting a
The phenomenon of overcapacity is an important one. mixture of the active material, Super S carbon and Kynar Flex
Although the mechanism by which extra lithium ions are 2801 binder in the weight ratios 75:17:8, onto Al foil. In the
removed from such materials may be irreversiblet (H case of Li[NiLi1/3_ 2¢3Mny3_x3]O2 and LikMny _yLiyO2
exchange or O loss), the capacity of the materials to reversibly electrodes this ratio was 85:10:5. After the solvent had evap-
reinsert lithium increases by their removal (if the mechanism orated the foils were pressed and 1.3 cm discs were cut. The
is predominantly O loss). In other words, on charging these pressed pellets were prepared by mixing active material with
materials although some of the lithium is initially removed by graphite in the weight ratios 80:20 then cold pressing. Elec-
an irreversible mechanism, this quantity of lithium may sub- trochemical measurements were carried out at 30 an€55
sequently be reinserted by a reversible mechanism (involving using a Biologic Macpile II. Charge—discharge curves of cells
reduction of MA#* to Mn3*). Therefore, the capacity of the  containing composite electrodes and pressed pellets were
material reversibly to store lithium is increased. compared to ensure reproducibility. After cycling, cells were
transferred to an argon-filled glove box and the active mate-
rial removed. The electrodes were then rinsed with a small

2. Experimental amountof dry solventto remove residual electrolyte and dried
under dynamic vacuum overnight.
The synthesis of LMNnOs, LixMn;_yLiyO, (y<0.2) TG-MS measurements were performed using a Netzsch

and Li[NixLi1/3— 2w3Mng;3_x3]O2 (x=0.15) have been  STA449 Jupiter instrument coupled with a Pfeiffer Vacuum

described previously and will only be summarised here Thermostar GSD300T. The TGA heating rate wa€snin~—*

[5-11] LioMnO3 was prepared by solid state reaction up to400°C under an argon atmosphere.

between LHCOz and MnCQ at 500°C for 40 h, with an

intermediate grinding. The Li[NLi1/3— 2x¢3Mnz/3_x3]O2

(x=0.15) composition was prepared by the “mixed hydrox- 3. Results and discussion

ide” method described by Lu et §b6—7]. LixyMn; _yLiyO>

(y < 0.2) materials were prepared by ion exchange from the 3.1. LbMnOs

corresponding sodium phase by refluxing in ethanol &30

with a 7-8-fold molar excess of LiBr for up to 8 h. The prod- The variation of voltage with capacity for the first cycle

ucts were then filtered, washed and dried. in LioMnOg3 is shown inFig. 1 Significant charge may be
Chemical analyses for sodium and lithium were carried out removed at both 30 and 5& and this process is also partially

by flame emission and for manganese using atomic absorp-reversible. The amount of lithium removed and reinserted was

tion spectroscopy. The average transition metal oxidation

state was determined by redox titration using ferrous ammo- 5.0 . . . . : .

nium sulfate/KMnQ. Further information on the manganese charge

oxidation state was obtained from XPS measurements on as- 454 1

prepared and charged composite electrodes. Binding energies

were charge corrected using thes@eak (284.4 eV). > 401 [ .
Powder X-ray diffraction data were collected on a Stoe =

STADI/P diffractometer operating in transmission mode 5 :

with Fe Kaj radiation ¢ =1.936A) to eliminate man- = :

ganese fluorescence. Powder neutron diffraction experi- 3075 T

ments were carried out on charged samples on the GEM

diffractometer at ISIS, Rutherford Appleton Laboratory. The 2.54 T

samples were contained in 2mm quartz capillaries. The

structures were refined by the Rietveld method using the 0 . T5h 200 o

program Prodd based on the Cambridge Crystallographic
Subroutine Library (CCSLJ12,13] Scattering lengths of
—0.19x 10", —0.373x 10*% and 0.5803« 10~**cm Fig. 1. First charge-discharge curves for,MnOz vs. Li*(1M)/Li.
were assigned to Li, Mn, and O, respectivily]. Rate=10mAg™.

Capacity / mAhg'
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Table 1

Analysis of electrochemically delithiated-relithiateg MnO3 (FE, AAS, XPS, TGA-MS)

Preparative conditions Observed compositionTheoretical Li:Mn ratio based Av. Mn H content Proposed bulk
Li:Mn ratio (FE/AAS)  on quantity of charge passed valence (XPS) (TGA-MS)  composition

OCV 55°C, 48h Lir.goMny1 00 Li2.00MnN1.00 4+ Ho.20 Li1.80H0.20MNO3.04

1st Charge, 55C, —309mAh g'l Lig.62Mn1.00 Lig.65Mn1.00 4+ Hi 29 Lig.g2H1.20MNO2 g5

1st Charge, 55C, —199 mA h g—l Li 1.07MN1 00 Li 1.13MnN1 00 4+ Ho.g6 Li 1_07H0_86Mn02_97

1st Charge, 30C, —235mAh g'l Lig.g7Mn1.00 Lig.97MnN1 00 4+ Ho.64 Lig.g7Ho.64aMNO2 76

1st Charge, 30C, —199mAh g—l Li 1_04MI’]1_00 Li 1_13|\/In1_00 4+ H0_41 Li 1_04H()_41Mn02_73

1st Charge, 30C, —92mAh gl Li 1.63MN1 00 Li 1.60MnN1.00 4+ Ho.14 Li 1.63H0.124MNO2 g9

1st discharge, 58C, —309 mAh g’1 Li1.28MnN1 .00 Li1.20MnN1.00 4+ Ho.66 Li1.28H0.66MNO2.97

then +125mAhg?

commensurate with the charge passed. AtGtHhermogravi- there is evidence of some oxygen deficiency. Approximately
metric analysis, in which the evolved gases were analysed60% of the Li removed is replaced by*Hthe rest being
by mass spectrometry, indicated a substantial proton contentcharge compensated by?Oloss. On extracting less charge
after charging, and this was in excellent agreement with both (199 mA hg1) at 30°C, it is evident froniTable 1that again
the charge passed and lithium extracfeab(e J). X-ray pow- two mechanisms, Hexchange and © removal, operate.
der diffraction at the end of charge revealed both the O3 struc- Despite removing less charge (199 instead of 235 mA% g
ture of LipMnOs as well as a P3 structurgig. 2 The former the amount of oxygen lost is very similar. As a result, the
corresponds to ABC stacking ofOlayers whereas the latter  proportion of Li removed that is balanced by léxchange
corresponds to AABBCC stacking (CrOOH structure type). has dropped to around 45%. If only a small amount of charge
The driving force for adoption of the P3 structure is hydrogen is extracted (92 mA hgt) the proportion of H to O loss is
bonding between adjacent oxide ion layers. The most likely somewhat lower at 38%. It appears that on initial extraction
explanation for electrochemical activity ofAMnOg at 55°C of Li during charging at 30C, >~ is removed, however, as
is electrogeneration of Hfollowed by exchange with Liin more Li is removed this mechanism of charge compensation
the electrode. It has been shown previously that Phased gives way to H exchange. We may conclude that both mech-
electrolytes contain Hdue to the formation of HF. Further-  anisms operate at 3€ but H" exchange still dominates at
more at a voltage of 4.5V versus'L{1 M)/Li more H" may high levels of Li extraction. The difference that raising the
be electrochemically generated adding further weight to this temperature has on the behavior is especially evident when
interpretatior{15]. comparing the two electrodes from which the same quantity
At30°C, as at55C, the amountof Liremoval onchargeis  of charge (199 mA hgt) was removed but at 30 and 55,
in agreement with the charge passed. TG—MS results indicaterespectively,Table 1 At the lower temperature oxygen loss
the presence of Hin the material but unlike the behavior at and H exchange occurs whereas at&5only H" exchange
55°C not all the Lt lostis replaced by H As seenimable 1 occurs. Thackeray et al. have studiedMnOs oxidation in
aqueous acid and observé exchange and O loss depending
L . " . - . - on the conditions used 6].

3.2. Li(NiLi1/3— 2x/3Mn2/3_x3)02 [0 <x < 0.5]

In layered Li-Ni-Mn-O, the oxidation states of Ni and Mn
are respectively, 2+ and 4+. The materials may most use-
fully be described based ondMnOs, Li[Li 1/3Mn2/3]O2, in
which 1Mrf* and 2Li" ions are replaced by 3R!i ions thus
generating the solid solution Li[\Li 1/3— 2¢3MnN2/3_ x3]O2,
0<x<0.5 [6]. An alternative description has been pro-
posed by Thackeray et al. i.eLioMnOs3:yLiNiO, [17].
XANES measurements have shown that lithium may be
extracted from such materials accompanied by oxidation of
Ni2* to Ni** [18]. The ability of these materials to demon-
strate “overcharge” beyond Mh involving the removal of
FeKul lithium has been reported previou$b}. We have applied the
Fig. 2. Powder X-ray diffraction data for (a) as-synthesisedtiOs; (b) TG-MStechnique to Li[Ld.2Nio.18Mno.6202 (x=0.15). As
LigMn03-based elec){rode after electrochemical eitraction of1.353'Li and (c) observed for LiMnOg, it is evident fromTable 2that the

simulated B pattern for a delithiated sample, space group R8#2.885, Ch_arged L§[NixLi1/3— 203Mn2/3— x3]O2 materia|s do con-
c=13.91A. Note* = graphite in (b). tain some protons. Therefore, some Li removed from these

Intensity / counts

20
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Li(Nix Li1/z— 203 MNn2/3_ 2¢3)O02 (x=0.15) delithiation-relithiation chemical analysis results (FE, AAS, TGA-MS, redox titration)

Sample
ratio (FE/AAS)
passed

Observed Li:Ni:Mn Theoretical Li:Ni:Mn ratio Av. TM valence H content
based on quantity of chargéredox tit.)

Proposed bulk
(TGA-MS) composition

Ratio of Li lost by
O removal: Li lost
by H exchange

As-prepared Lii. 25Ni0.14MNg 62
ocv 3OOC, 72h Lij__22Ni0_15Mn0_62
1st Charge, 30C, Lig.37Nip.15Mng .62

3.66+

Li1.23Nig.1sMno 62
Li1 23Ni.15Mng 62
Lio.30Nio.15Mng 62

—299mAhg?

1st Charge, 55C, Lig.eoNig.15Mng 62 Lio.esNig.15Mno.62 -
—187mAhg!

1st Charge, 55C, Lig.23Nig.15Mng 62 Lig.20Nig.15Mng.62 -
—331mAhg!

Li.22Nig.14Mng 6202

Ho.os Li1.2oNig.1sMng 6202; 0.04H,0  —

Ho.10 Lio.37Ho.10; Nip.15Mno.6201.78*  4.40:1
Ho.oes Lio.eoHo.068 Nio.1sMng6201.97¢ 2.35:1
Ho.17 Lio.2sHo.17 Nip.1sMno.6201.74*  3.06:1

Note: *For delithiated materials, the quantity of protons in the proposed stoichiometries have been corrected to take into account the nuoriinaerot

OCV sample.

electrodes have been replaced by frbm the electrolyte.
An electrode maintained at OCV for an equivalent period
showed only a small amount of2® and this was evolved

charge on the first cycle. In each case the charging curves are
characterised by two distinct regions; an increasing potential
on initial lithium extraction and then a plateau at approxi-

at a lower temperature than the charged materials — we assomately 4.5 V. With increasing Li doping the capacity asso-

ciate this with a small amount of surface adsorbed moisture.

The quantity of H in this material was used to correct the
H content of the delithiated samples. At<30the dominant
mechanism compensating for loss of lithium is simultane-
ous oxygen removallgble 3. The ratio of lithium removed
via oxygen loss to that of Hexchange is 4.40:1. Remov-
ing a similar quantity of charge at 5& results in greater
H* exchange, with this ratio dropping to 3.06:1. There is no
evidence of a P3 phase with Li[jlii 1/3— 2w3Mn2/3_ x3]O2
comensurate with the dominance of O loss oveekchange.

3.3. LixMn; _,Liy)02 [0 <y<0.2]

LioMnOg3 (Li[Li 1/3Mn2/3]O2) is the end member of a
solid solution beginning with layered LiMnQand involv-
ing replacement of Mn in the transition metal layers by Li.
We might therefore expect similar electrochemical behav-
ior for LixMn1_yLiyO; to LizMnOsz once the lithium has

ciated with the rising potential decreases at the expense
of an increasing capacity associated with the plateau. The
first stage of electrochemical reaction involves a conven-
tional Li* deintercalation with oxidation of M to Mn**,

as confirmed by chemical analysis and amount of charge
passed.

In order to investigate how the charge associated with the
4.5V plateau is removed we analysed electrodes at the end
of charge for the 10 and 20% Li doped materidiable 3
Again XPS measurements indicate that Mn remains 4+, with
no evidence that & has been oxidised. Based on the amount
of Liremoved at 4.5V theoretical capacities were calculated
and are in good agreement with the capacities observed to
be associated with the 4.5V plate&ig. 2, confirming that
the charge extracted at 4.5V has resulted in a corresponding
amount of Li being removed from the electrode.

TG-MS results for the 10 and 20% doped materials
indicate that protons do exchange fof* Las observed for

been extracted by conventional oxidation of manganese uplkizMnOs, however the amount of Li removed exceeds the
to 4+. Fig. 3 presents the variation of voltage with state of amount of H present in the electrodes. The difference is

5.0 1

<~—— charge :E: z i gggs
451 @ —w—y=0.1
= 4.0+
=
= e
=
L
°
~ 30
2.5+
20-1— T

T T T T
0 50 100 150 200

Charge / mAhg'I

Fig. 3. Variation of potential (vs. E{1 M]/Li) on charging then discharging
the Lix[Mny _yLiy]O2 electrodes at 25 mAd (C/8) and 30C.

accounted for by oxygen loss (effective removal ofQ).

In both cases Li removal via O loss is greater than by H
exchange, indicating that the former mechanism dominates.
Electrodes removed from cells before the onset of the 4.5V
plateau showed no evidence of Exchange, nor did samples
left at open circuit for several days.

The charging curve for the/=0.2 material at 55C
taken to a cut-off voltage of 4.8V, is shown Hg. 4
Chemical, oxidation state and TG/MS analysis of the elec-
trode material at the end of charge yielded a composition
Lig.17Ho.19Mng g201.82. The amount of Li removed corre-
sponds to 220 mA ht, in good agreement with the charge
extracted (214 mA hgl). Comparing this composition with
that for the same material charged at’80 Table 3 shows
that the degree of oxygen loss is very similar in both cases,
despite the removal of more charge (lithium), the additional
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Table 3
Charge capacities associated with 4.5V plateau for Li doped materials

279

Li doping levely Observed charge capacities

Theoretical charge capacities

Mn oxidation states Compositions at end of

associated with plateaux in based on amount of Li removed from XPS plateau on charge
Fig. 2(mAhg™1) (chemical analysis) (mA hd)
0.1 75 67 4 Lb.23H0.1MNg 880192
0.2 134 143 4 Lé.24H0.08Mno.8201.80
Li loss is compensated by H exchange. These values are in
good agreement with the capacities associated with the two
regions identified irFig. 4.
In order to investigate structural changes during charge, 09—, ; ,
powder neutron diffraction data were obtained for samples of 08
LixMng_gLip 202 chargedto 4.5 and 4.8V at 30 and 4.8V 0.74
at 55°C. Rietveld refinement of the data from the sample g 061
charged to the start of the 4.5V plateau gave an excellent fit g 03 obs
to a single phase adopting the O3 structufig (Xa)) with § 04- cale
lattice parametersi=2.850(1)A, c=14.446(2A. This is 3 034
consistent with the proposed conventional oxidation of#n “ 021
to Mn**. Attempts to fit the data obtained from either sample 01 m—— P it
charged to 4.8V to a single phase model gave unsatisfactory W T 1's 20 25
results. For the sample charged af80an excellent fit was (a) d-spacing / A
obtained using a model involving two O3 phasewgy( 4(b)) i ;[ |
having lattice parameters corresponding to: (1) the same as g+
that obtainedoat 4.5V and (2) a phase with sima'iglaram-
eter (2.852(27) and longerc parameter (14.646(®). The vod ' ' )
observed similarity imparametersis to be expected since this i
has a strong correlation with Mn oxidation state (4+ in both a P8 1
cases). From our previous diffraction studies of a wide range 2 ]
of doped and undoped layered lithium manganese oxides, %’
both as-prepared and after electrochemical cycling, the elon- 5 1
gatedc parameter in phase B points to a material of the form <
LixMnyO», wherey ~ 1 [19-22] Such a material is exactly (R AL L I
what would be expected to result from loss ofQi LU kil SR L. L
The data obtained from the sample charged to 4.8V at (b) 03 1o d-spacin];/A w i
55°C again cannot be fitted to a single phase. Amodel involv- 2!
ing two Oz phases gives a much better fit to the data. However £ WWWVN‘WWMW
comparing the two data sets (30 and’®j it is clear that for i
5.0+ 031 .
5 mAhgj
0.4+
'\+ 120 mAhg” z
4.54 .ooo.....i.r. g 0.3
3 é 0.2
£ 2 011
9-2 4.04 T R T [ no|
< e B
05 1.0 15 20 25
. (c) d-spacing / A
z [V TVRPVRY OSSP VRO VUSSR WS
E4l
0 30 100 150 200 Fig. 5. Profile fits for Rietveld refinement of JMng gLio 20-. (a) charged

Charge / mAhg']

Fig. 4. Variation of potential (vs. {1 M]/Li) with state of charge for
Lix[Mny_yLiy]O2,y=0.2, onthe first charge at 25 mAY(C/8) and 55C.

to 4.5V at 30°C (single O3 phase model), (b) charged to 4.8V atG0
model incorporating two O3 phases, (c) charged to 4.8V at55nodel
incorporating two O3 phases and one P3 phase. Dots indicate observed data,
solid line calculated profile. The lower box shows difference/E.S.D.
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the latter there is greater intensity at a d-spacing of around pound can be understood in the light of the relative ease with
2.45A. This corresponds well to the mostintense 1 0 1 reflec- which NiO, will lose oxygen. Where O loss dominates this
tion of a phase with the P3 structure (AABBCC stacking, is explained not by the diffusion of O in the lattice but by the
CrOOH structure type). A three phase model involving two loss of O at the surface and diffusion of the cations into the
03 phases and a single P3 phase was tested and found toentre of the particle occupying sites once occupied by Li.

give an excellent fit (significantly better than that obtained

for two O3 phases)Kig. 5c), in keeping with the proposed

proton exchange mechanism favored at high temperatures. acknowledgements

The processes involved in chargingMny _yLiyO, may

now be summarised. Initially Li is extracted accompanied

by Mn oxidation until all Mn is in the 4+ oxidation state.
Thereafter further Li is removed at 4.5V which lies within

the oxygen valence band and will result in oxidation of
O?~. This is unstable in the lattice leading to oxygen evolu-
tion (overall LpO removal). In addition, especially at higher

states of charge, oxidation of the alkyl carbonates in the

electrolyte yields H, as shown previously for other Li-Mn-
oxides[8,9,23,24] The H" will then exchange for L.

PGB is indebted to the Royal Society, the EU and the
EPSRC for financial support.
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