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Overcharging manganese oxides: Extracting lithium beyond Mn4+
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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 including Li2MnO3, Lix[Mn1− yLi y]O2, (y≤ 0.2), and Li[NixLi1/3− 2x/3Mn2/3− x/3]O2 (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 O2− loss (effective removal of Li2O) 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 at 55◦C the proton exchange
mechanism becomes more important. At 30◦C H+ exchange is more prevalent in Li2MnO3 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 MnO2 will lose oxygen.
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. Introduction

The inability to oxidise Mn beyond Mn4+ in an octahe-
ral oxygen environment was thought to limit the quantity
f Li that may be removed and led to the widespread belief

hat oxides containing Mn4+ were electrochemically inac-
ive [1,2]. As a result, Mn4+ compounds such as Li2MnO3
which adopts a layered structure Li[Li1/3Mn2/3]O2), despite
eing rich in mobile Li+ ions, were considered electrochem-

cally inert. Recently, however, electrochemical removal of
i beyond the Mn4+ limit has been discussed. Charge com-
ensation by oxidation of Mn4+ to Mn5+ has been proposed

3]. However, a more likely explanation has been advanced
y Dahn et al. based on oxygen loss[4,5]. Such additional
apacity to deliver Li could have important repercussions for
se of lithium manganese oxides in rechargeable lithium bat-

eries.
In order to investigate this phenomenon further we

ave studied the electrochemical behavior of the layered
ompounds Li2MnO3, Lix[Mn1− yLiy]O2, (y≤ 0.2), and

Li[Ni xLi1/3− 2x/3Mn2/3− x/3]O2 (0≤ x≤ 0.5) all having the
O3 structure (ABC oxygen stacking). As they adopt a
ered structure, the Li+ ions are expected to be mobile a
hence any limit on the ability to extract lithium must be d
to other factors.

By using a range of techniques including chemical a
ysis, combined thermogravimetric analysis and mass
troscopy (TG–MS, in which the gases evolved during hea
are analysed using a mass spectrometer) and XPS, we
been able to identify the processes involved in the ove
pacity (Li removal beyond Mn4+) of each of these system
both at 30 and 55◦C. In addition, powder neutron diffra
tion studies on Lix[Mn1− yLiy]O2 at various states of char
have enabled the identification of the various phases and
vided confirmation of the proposed mechanisms of lith
extraction.

In each of these systems two mechanisms of electroc
ical Li removal are found to operate beyond the Mn4+ limit.
These are the loss of oxygen (effective removal of Li2O) as
proposed by Dahn[5–7], and proton exchange for Li+, in
which the protons are generated by the oxidation of the
∗ Corresponding author.
E-mail address:ara@st-andrews.ac.uk (A.R. Armstrong).

aqueous electrolyte[8,9]. The interplay between these mech-
anisms is subtly dependent on the conditions. Presenting the
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results for these three systems in one paper facilitates compar-
ison between them. The three systems vary in their complex-
ity. In the case of Li2MnO3 the ratio of Li:Mn on the transition
metal sites is fixed at 1:2 whereas in LixMn1− yLiyO2 it varies
with y and in the case of Li[NixLi1/3− 2x/3Mn2/3− x/3]O2
a second transition metal is introduced. These variations
have a profound effect on the balance between H+ exchange
and O loss with consequent differences in the capacity and
reversibility of Li intercalation.

The phenomenon of overcapacity is an important one.
Although the mechanism by which extra lithium ions are
removed from such materials may be irreversible (H+

exchange or O loss), the capacity of the materials to reversibly
reinsert lithium increases by their removal (if the mechanism
is predominantly O loss). In other words, on charging these
materials although some of the lithium is initially removed by
an irreversible mechanism, this quantity of lithium may sub-
sequently be reinserted by a reversible mechanism (involving
reduction of Mn4+ to Mn3+). Therefore, the capacity of the
material reversibly to store lithium is increased.

2. Experimental

The synthesis of Li2MnO3, LixMn1− yLiyO2 (y≤ 0.2)
and Li[Ni Li Mn ]O (x= 0.15) have been
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Electrochemical measurements were made using two-
electrode coin cells comprising a lithium manganese oxide
working electrode and Li metal counter electrode. The elec-
trolyte was either a 1 molal solution of LiPF6 in EC:DMC
(1:1) (Merck) or 1 molal LiPF6 (Hashimoto) in ethylene
carbonate/diethyl carbonate 1:2 (V/V (Merck)). Li2MnO3
electrodes were fabricated either as composite electrodes
for extended galvanostatic cycling experiments or as pressed
pellets. The composite electrodes were formed by casting a
mixture of the active material, Super S carbon and Kynar Flex
2801 binder in the weight ratios 75:17:8, onto Al foil. In the
case of Li[NixLi1/3− 2x/3Mn2/3− x/3]O2 and LixMn1− yLiyO2
electrodes this ratio was 85:10:5. After the solvent had evap-
orated the foils were pressed and 1.3 cm discs were cut. The
pressed pellets were prepared by mixing active material with
graphite in the weight ratios 80:20 then cold pressing. Elec-
trochemical measurements were carried out at 30 and 55◦C
using a Biologic Macpile II. Charge–discharge curves of cells
containing composite electrodes and pressed pellets were
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
amount of dry solvent to remove residual electrolyte and dried
under dynamic vacuum overnight.

TG–MS measurements were performed using a Netzsch
STA449 Jupiter instrument coupled with a Pfeiffer Vacuum
T
u
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x 1/3− 2x/3 2/3− x/3 2
escribed previously and will only be summarised h

5–11]. Li2MnO3 was prepared by solid state react
etween Li2CO3 and MnCO3 at 500◦C for 40 h, with an

ntermediate grinding. The Li[NixLi1/3− 2x/3Mn2/3− x/3]O2
x= 0.15) composition was prepared by the “mixed hyd
de” method described by Lu et al.[5–7]. LixMn1− yLiyO2
y≤ 0.2) materials were prepared by ion exchange from
orresponding sodium phase by refluxing in ethanol at 8◦C
ith a 7–8-fold molar excess of LiBr for up to 8 h. The pr
cts were then filtered, washed and dried.

Chemical analyses for sodium and lithium were carried
y flame emission and for manganese using atomic ab

ion spectroscopy. The average transition metal oxida
tate was determined by redox titration using ferrous am
ium sulfate/KMnO4. Further information on the mangane
xidation state was obtained from XPS measurements o
repared and charged composite electrodes. Binding en
ere charge corrected using the C1s peak (284.4 eV).
Powder X-ray diffraction data were collected on a S

TADI/P diffractometer operating in transmission m
ith Fe K�1 radiation (λ = 1.936Å) to eliminate man
anese fluorescence. Powder neutron diffraction ex
ents were carried out on charged samples on the
iffractometer at ISIS, Rutherford Appleton Laboratory.
amples were contained in 2 mm quartz capillaries.
tructures were refined by the Rietveld method using
rogram Prodd based on the Cambridge Crystallogra
ubroutine Library (CCSL)[12,13]. Scattering lengths o
0.19× 10−12, −0.373× 10−12, and 0.5803× 10−12 cm
ere assigned to Li, Mn, and O, respectively[14].
hermostar GSD300T. The TGA heating rate was 5◦C min−1

p to 400◦C under an argon atmosphere.

. Results and discussion

.1. Li2MnO3

The variation of voltage with capacity for the first cy
n Li2MnO3 is shown inFig. 1. Significant charge may b
emoved at both 30 and 55◦C and this process is also partia
eversible. The amount of lithium removed and reinserted

ig. 1. First charge–discharge curves for Li2MnO3 vs. Li+(1 M)/Li.
ate = 10 mA g−1.
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Table 1
Analysis of electrochemically delithiated-relithiated Li2MnO3 (FE, AAS, XPS, TGA–MS)

Preparative conditions Observed composition
Li:Mn ratio (FE/AAS)

Theoretical Li:Mn ratio based
on quantity of charge passed

Av. Mn
valence (XPS)

H content
(TGA–MS)

Proposed bulk
composition

OCV 55◦C, 48 h Li1.89Mn1.00 Li2.00Mn1.00 4+ H0.20 Li1.89H0.20MnO3.04

1st Charge, 55◦C, −309 mA h g−1 Li0.62Mn1.00 Li0.65Mn1.00 4+ H1.29 Li0.62H1.29MnO2.95

1st Charge, 55◦C, −199 mA h g−1 Li1.07Mn1.00 Li1.13Mn1.00 4+ H0.86 Li1.07H0.86MnO2.97

1st Charge, 30◦C, −235 mA h g−1 Li0.87Mn1.00 Li0.97Mn1.00 4+ H0.64 Li0.87H0.64MnO2.76

1st Charge, 30◦C, −199 mA h g−1 Li1.04Mn1.00 Li1.13Mn1.00 4+ H0.41 Li1.04H0.41MnO2.73

1st Charge, 30◦C, −92 mA h g−1 Li1.63Mn1.00 Li1.60Mn1.00 4+ H0.14 Li1.63H0.14MnO2.89

1st discharge, 55◦C, −309 mA h g−1

then +125 mA h g−1
Li1.28Mn1.00 Li1.20Mn1.00 4+ H0.66 Li1.28H0.66MnO2.97

commensurate with the charge passed. At 55◦C thermogravi-
metric analysis, in which the evolved gases were analysed
by mass spectrometry, indicated a substantial proton content
after charging, and this was in excellent agreement with both
the charge passed and lithium extracted (Table 1). X-ray pow-
der diffraction at the end of charge revealed both the O3 struc-
ture of Li2MnO3 as well as a P3 structure,Fig. 2. The former
corresponds to ABC stacking of O2− layers whereas the latter
corresponds to AABBCC stacking (CrOOH structure type).
The driving force for adoption of the P3 structure is hydrogen
bonding between adjacent oxide ion layers. The most likely
explanation for electrochemical activity of Li2MnO3 at 55◦C
is electrogeneration of H+ followed by exchange with Li+ in
the electrode. It has been shown previously that PF6

− based
electrolytes contain H+ due to the formation of HF. Further-
more at a voltage of 4.5 V versus Li+ (1 M)/Li more H+ may
be electrochemically generated adding further weight to this
interpretation[15].

At 30◦C, as at 55◦C, the amount of Li removal on charge is
in agreement with the charge passed. TG–MS results indicate
the presence of H+ in the material but unlike the behavior at
55◦C not all the Li+ lost is replaced by H+. As seen inTable 1

F
L d (c)
s
c

there is evidence of some oxygen deficiency. Approximately
60% of the Li removed is replaced by H+, the rest being
charge compensated by O2− loss. On extracting less charge
(199 mA h g−1) at 30◦C, it is evident fromTable 1that again
two mechanisms, H+ exchange and O2− removal, operate.
Despite removing less charge (199 instead of 235 mA h g−1)
the amount of oxygen lost is very similar. As a result, the
proportion of Li removed that is balanced by H+ exchange
has dropped to around 45%. If only a small amount of charge
is extracted (92 mA h g−1) the proportion of H+ to O loss is
somewhat lower at 38%. It appears that on initial extraction
of Li during charging at 30◦C, O2− is removed, however, as
more Li is removed this mechanism of charge compensation
gives way to H+ exchange. We may conclude that both mech-
anisms operate at 30◦C but H+ exchange still dominates at
high levels of Li extraction. The difference that raising the
temperature has on the behavior is especially evident when
comparing the two electrodes from which the same quantity
of charge (199 mA h g−1) was removed but at 30 and 55◦C,
respectively,Table 1. At the lower temperature oxygen loss
and H+ exchange occurs whereas at 55◦C only H+ exchange
occurs. Thackeray et al. have studied Li2MnO3 oxidation in
aqueous acid and observe H+ exchange and O loss depending
on the conditions used[16].

3.2. Li(Ni Li Mn )O [0≤ x≤0.5]
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ig. 2. Powder X-ray diffraction data for (a) as-synthesised Li2MnO3; (b)
i 2MnO3-based electrode after electrochemical extraction of 1.35 Li an
imulated P3 pattern for a delithiated sample, space group R3m,a= 2.885Å,
= 13.91Å. Note* = graphite in (b).
x 1/3−2x/3 2/3− x/3 2

In layered Li-Ni-Mn-O, the oxidation states of Ni and M
re respectively, 2+ and 4+. The materials may most

ully be described based on Li2MnO3, Li[Li 1/3Mn2/3]O2, in
hich 1Mn4+ and 2Li+ ions are replaced by 3Ni2+ ions thus
enerating the solid solution Li[NixLi1/3− 2x/3Mn2/3− x/3]O2,
≤ x≤ 0.5 [6]. An alternative description has been p
osed by Thackeray et al. i.e.xLi2MnO3:yLiNiO2 [17].
ANES measurements have shown that lithium may
xtracted from such materials accompanied by oxidatio
i2+ to Ni4+ [18]. The ability of these materials to demo
trate “overcharge” beyond Mn4+ involving the removal o
ithium has been reported previously[5]. We have applied th
G–MS technique to Li[Li0.23Ni0.15Mn0.62]O2 (x= 0.15). As
bserved for Li2MnO3, it is evident fromTable 2that the
harged Liy[NixLi1/3− 2x/3Mn2/3− x/3]O2 materials do con
ain some protons. Therefore, some Li removed from t
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Table 2
Li(Ni x Li1/3− 2x/3 Mn2/3− 2x/3)O2 (x= 0.15) delithiation-relithiation chemical analysis results (FE, AAS, TGA–MS, redox titration)

Sample Observed Li:Ni:Mn
ratio (FE/AAS)

Theoretical Li:Ni:Mn ratio
based on quantity of charge
passed

Av. TM valence
(redox tit.)

H content
(TGA–MS)

Proposed bulk
composition

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

As-prepared Li1.22Ni0.14Mn0.62 Li1.23Ni0.15Mn0.62 3.66+ Li1.22Ni0.14Mn0.62O2 –
OCV 30◦C, 72 h Li1.22Ni0.15Mn0.62 Li1.23Ni0.15Mn0.62 – H0.08 Li1.22Ni0.15Mn0.62O2; 0.04H2O –
1st Charge, 30◦C,

−299 mA h g−1
Li0.37Ni0.15Mn0.62 Li0.30Ni0.15Mn0.62 – H0.10 Li0.37H0.10; Ni0.15Mn0.62O1.78* 4.40:1

1st Charge, 55◦C,
−187 mA h g−1

Li0.69Ni0.15Mn0.62 Li0.65Ni0.15Mn0.62 – H0.068 Li0.69H0.068; Ni0.15Mn0.62O1.92* 2.35:1

1st Charge, 55◦C,
−331 mA h g−1

Li0.23Ni0.15Mn0.62 Li0.20Ni0.15Mn0.62 – H0.17 Li0.23H0.17; Ni0.15Mn0.62O1.74* 3.06:1

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

electrodes have been replaced by H+ from the electrolyte.
An electrode maintained at OCV for an equivalent period
showed only a small amount of H2O and this was evolved
at a lower temperature than the charged materials – we 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 30◦C the dominant
mechanism compensating for loss of lithium is simultane-
ous oxygen removal (Table 2). The ratio of lithium removed
via oxygen loss to that of H+ exchange is 4.40:1. Remov-
ing a similar quantity of charge at 55◦C results in greater
H+ exchange, with this ratio dropping to 3.06:1. There is no
evidence of a P3 phase with Li[NixLi1/3− 2x/3Mn2/3− x/3]O2
comensurate with the dominance of O loss over H+ exchange.

3.3. Lix(Mn1− yLiy)O2 [0≤ y≤0.2]

Li2MnO3 (Li[Li 1/3Mn2/3]O2) is the end member of a
solid solution beginning with layered LiMnO2 and involv-
ing replacement of Mn in the transition metal layers by Li.
We might therefore expect similar electrochemical behav-
ior for LixMn1− yLiyO2 to Li2MnO3 once the lithium has
been extracted by conventional oxidation of manganese up
to 4+. Fig. 3 presents the variation of voltage with state of

F g
t

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-
mately 4.5 V. With increasing Li doping the capacity asso-
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 Mn3+ to Mn4+,
as confirmed by chemical analysis and amount of charge
passed.

In order to investigate how the charge associated with the
4.5 V plateau is removed we analysed electrodes at the end
of charge for the 10 and 20% Li doped materials,Table 3.
Again XPS measurements indicate that Mn remains 4+, with
no evidence that O2− has been oxidised. Based on the amount
of Li removed at 4.5 V theoretical capacities were calculated
and are in good agreement with the capacities observed to
be associated with the 4.5 V plateau,Fig. 2, confirming that
the charge extracted at 4.5 V 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 for Li+, as observed for
Li2MnO3, however the amount of Li removed exceeds the
amount of H+ present in the electrodes. The difference is
accounted for by oxygen loss (effective removal of Li2O).
In both cases Li removal via O loss is greater than by H
e ates.
E .5 V
p es
l

t
C lec-
t ition
L e-
s ge
e th
t
t ses,
d onal
ig. 3. Variation of potential (vs. Li+[1 M]/Li) on charging then dischargin

he Lix[Mn1− yLiy]O2 electrodes at 25 mA g−1 (C/8) and 30◦C.
xchange, indicating that the former mechanism domin
lectrodes removed from cells before the onset of the 4
lateau showed no evidence of H+ exchange, nor did sampl

eft at open circuit for several days.
The charging curve for they= 0.2 material at 55◦C

aken to a cut-off voltage of 4.8 V, is shown inFig. 4.
hemical, oxidation state and TG/MS analysis of the e

rode material at the end of charge yielded a compos
i0.17H0.19Mn0.82O1.82. The amount of Li removed corr
ponds to 220 mA h g−1, in good agreement with the char
xtracted (214 mA h g−1). Comparing this composition wi
hat for the same material charged at 30◦C, Table 3, shows
hat the degree of oxygen loss is very similar in both ca
espite the removal of more charge (lithium), the additi
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Table 3
Charge capacities associated with 4.5 V plateau for Li doped materials

Li doping level/y Observed charge capacities
associated with plateaux in
Fig. 2(mA h g−1)

Theoretical charge capacities
based on amount of Li removed
(chemical analysis) (mA h g−1)

Mn oxidation states
from XPS

Compositions at end of
plateau on charge

0.1 75 67 4 Li0.23H0.1Mn0.88O1.92

0.2 134 143 4 Li0.24H0.08Mn0.82O1.80

Li loss is compensated by H exchange. These values are in
good agreement with the capacities associated with the two
regions identified inFig. 4.

In order to investigate structural changes during charge,
powder neutron diffraction data were obtained for samples of
LixMn0.8Li0.2O2 charged to 4.5 and 4.8 V at 30◦C and 4.8 V
at 55◦C. Rietveld refinement of the data from the sample
charged to the start of the 4.5 V plateau gave an excellent fit
to a single phase adopting the O3 structure (Fig. 5(a)) with
lattice parametersa= 2.850(1)Å, c= 14.446(2)Å. This is
consistent with the proposed conventional oxidation of Mn3+

to Mn4+. Attempts to fit the data obtained from either sample
charged to 4.8 V to a single phase model gave unsatisfactory
results. For the sample charged at 30◦C an excellent fit was
obtained using a model involving two O3 phases (Fig. 4(b))
having lattice parameters corresponding to: (1) the same as
that obtained at 4.5 V and (2) a phase with similara param-
eter (2.852(2)̊A) and longerc parameter (14.646(6)̊A). The
observed similarity inaparameters is to be expected since this
has a strong correlation with Mn oxidation state (4+ in both
cases). From our previous diffraction studies of a wide range
of doped and undoped layered lithium manganese oxides,
both as-prepared and after electrochemical cycling, the elon-
gatedc parameter in phase B points to a material of the form
LixMnyO2, wherey∼ 1 [19–22]. Such a material is exactly
what would be expected to result from loss of LiO.

V at
5 olv-
i ever
c r

F r
L

Fig. 5. Profile fits for Rietveld refinement of LixMn0.8Li0.2O2. (a) charged
to 4.5 V at 30◦C (single O3 phase model), (b) charged to 4.8 V at 30◦C,
model incorporating two O3 phases, (c) charged to 4.8 V at 55◦C, model
incorporating two O3 phases and one P3 phase. Dots indicate observed data,
solid line calculated profile. The lower box shows difference/E.S.D.
2
The data obtained from the sample charged to 4.8

5◦C again cannot be fitted to a single phase. A model inv
ng two O3 phases gives a much better fit to the data. How
omparing the two data sets (30 and 55◦C) it is clear that fo

ig. 4. Variation of potential (vs. Li+[1 M]/Li) with state of charge fo
ix[Mn1− yLiy]O2, y= 0.2, on the first charge at 25 mA g−1 (C/8) and 55◦C.
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the latter there is greater intensity at a d-spacing of around
2.45Å. This corresponds well to the most intense 1 0 1 reflec-
tion of a phase with the P3 structure (AABBCC stacking,
CrOOH structure type). A three phase model involving two
O3 phases and a single P3 phase was tested and found to
give an excellent fit (significantly better than that obtained
for two O3 phases) (Fig. 5c), in keeping with the proposed
proton exchange mechanism favored at high temperatures.

The processes involved in charging LixMn1− yLiyO2 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 4.5 V which lies within
the oxygen valence band and will result in oxidation of
O2−. This is unstable in the lattice leading to oxygen evolu-
tion (overall Li2O 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 Li+.

Considering all our results on these three systems, there is
clear evidence that in many cases both H+ exchange and oxy-
gen loss occur concurrently and the relative contributions of
these processes to the extra “overcapacity” on charge can vary
depending on conditions. Higher temperatures and higher
states of charge both tend to favor proton exchange over oxy-
gen (Li2O) loss. Under ambient conditions it is the latter
process that is the dominant source for the observed “overca-
p c-
t nge
a from
t et
e
e nsid-
e hout
N nce
O ns
a
u may
c
o
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f d.
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pound can be understood in the light of the relative ease with
which NiO2 will lose oxygen. Where O loss dominates this
is explained not by the diffusion of O in the lattice but by the
loss of O at the surface and diffusion of the cations into the
centre of the particle occupying sites once occupied by Li.
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