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Abstract

Electron paramagnetic resonance spectroscopy was used to analyse the changes in local Ni, Mn environment in layered LiNi;»Mn,;,0, and
spinel LiNi;,;Mns/; Oy after electrochemical extraction and reinsertion of lithium. For layered LiNi;;»;Mn;,,O,, the EPR signal from Mn** is only
detected, while residual antiferromagnetic correlations between Ni?* and Mn** ions gives rise to strong resonance absorption for LiNi;,Mn3,04
spinel. The first charge process of layered LiNi;;;Mn,;; O, leads to oxidation of Ni?* ions located both in the transition metal sites and in the Li sites.
The reverse process of reduction of these nickel ions was suggested to proceed between 4.4-3.0 V and 2.5-1.4 V, respectively. Lithium extraction
from LiNi,;Mn3, 0, spinel leads to oxidation of paramagnetic Ni** to diamagnetic Ni** without significant changes in the local environment of
Mn**. For both fully delithiated compositions, Li;_,Ni;,Mn;,O; and Li;_,Ni;»Mn3,, 04, an EPR spectrum from localized Mn** ions is observed,
indicating an exhaustion of paramagnetic Ni?* ions in the vicinity of Mn** ions. Furthermore, it has been found that the Mn** environment including

paramagnetic Mn* and Ni** neighbours is restored after the first cycle of charge/discharge.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium—nickel-manganese oxides have been considered as
alternative to LiCoO;-based electrode materials for lithium-ion
batteries [1-3]. There are two compositions of both research
and technological interest: LiNij»Mn,»0; with layered crys-
tal structure and LiNij»Mn3;,»O4 with spinel crystal structure.
While the layered composition delivers a higher capacity in a
lower potential range (about 4 V [1,4-6]), the reversible lithium
extraction/insertion from/in the spinel proceeds at a higher
potential (4.7V [2,7-9]). The charge compensation for both
compositions is achieved by Ni** and Mn** ions. The electro-
chemical reaction takes place by oxidation/reduction of Ni%* to
Ni**, Mn** remains inactive [10—14]. In order to improve their
electrochemical performance, a more detailed study of the rela-
tionship between the local effect in solids and their intercalation
properties is to be carried out.
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The aim of this contribution is to compare the changes in the
local Ni/Mn environment in layered LiNij,Mn1,, O, and spinel
LiNij»Mn3/,04 during electrochemical extraction and reinser-
tion of lithium. A suitable spectroscopic method for monitoring
of the Mn/Ni environment in oxides is the electron paramagnetic
resonance (EPR). Irrespective of the fact that more than one para-
magnetic ions appear in both compositions (Ni?* with S=1 and
Mn** with § = 3/2) this method has been already applied for the
study of their cationic distribution [15—17]. Here we extend this
study in respect of reversible Li deintercalation/intercalation.

2. Experimental

The layered LiNij»Mnj»0; and spinel LiNijpMn3znO4
compositions were prepared by solid state reaction. The
synthesis procedure is described elsewhere [15-17]. The
LiNij»Mn;/,0, composition exhibits layered crystal structure
(R-3m space group) with the following structural parameters:
a=2.8844 A, c=14.2999 A and z=0.2582. Structural refine-
ment of the XRD patterns shows that 0.099 Ni and 0.901 Li
reside the 3b-site (LiO»-layers), and 0.099 Li, 0.401 Ni and
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0.50 Mn are in 3a position (transition metal layers). In cubic
spinel notation, the unit cell parameter of LiNij»Mn3»04 is
a=8.1530 A. A structural difference for the two compositions
comes also from their cationic distribution in the transition metal
positions. For LiNij»Mn3/,04 spinel, 1:3 Ni:Mn cationic order
has been established [15]: each Ni** is surrounded by 6 Mn**
ions and each Mn** is in the environment of 4 Mn** and 2
NiZ* ions. For layered LiNij»Mny, 05, a short-range Ni, Mn
cationic order has been observed [16]: a fraction of Mn** ions
are in mixed Li, Ni, Mn environment resembling that of “a,[3”-
cationic distribution in Li;MnO3, while the rest of Mn** ions
are in Ni, Mn environment with statistical distribution.

The EPR spectra were recorded as a first derivative of the
absorption signal of an ERS-220/Q (ex-GDR) spectrometer
within the temperature range of 90—400 K. The g factors were
determined with respect to a Mn?*/ZnS standard. The signal
intensity was established by double integration of the exper-
imental EPR spectrum. The analytical amount of Mn*" was
determined relative to Li;MnO3 standard. To obtain the ex
situ EPR spectra of the electrodes, the electrochemical pro-
cess was interrupted at selected charge levels and then, after
a relaxation period, the electrochemical cells were dismounted
in an Ar-containing dry-box and the electrodes were recuper-
ated. The lithium content of the charged/discharged samples
was calculated assuming that no current was consumed in
side reactions. This means that the charge/discharge level is
overestimated and the lithium contents correspond to nominal
compositions.

The electrochemical oxidation/reduction of oxides was car-
ried out by using two-electrode Swagelok™ cells of the type
Li|LiPFs(EC:DEC)|LiyM,O;. The positive electrode, having
about 4 mg cm ™2 of active material supported onto an aluminum
foil (Goodfellow), was prepared as 9 mm diameter disk by dry-
ing at 120 °C into vacuum and pressing then a mixture of 80% of
the active oxide, 5% of PVDF binder, and 15% of carbon (50%
weight mixture of graphite and carbon black) previously dis-
persed in 1-methyl-2-pyrrolidone. Lithium electrodes consisted
of a clean 9 mm diameter lithium metal disk. The commercial
(Merck LP40) electrolyte solution was 1 M LiPFgina 1:1 (w/w)
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC)
that was supported by porous glass-paper discs Whatman™ as
separators. The electrochemical reactions were carried out by
using a multichannel MacPile II system in potentiostatic mode
at 10 mV/0.1 h of scan rate. The cells were mounted in a dry box
under Ar atmosphere.

3. Results and discussion

Mass-normalized intensity versus voltage curves of layered-
type LiNip5MngsO, electrodes display a broadened signal
located between 3.7 and 4.6 V in the charge process, and between
3.0 and 4.4V in the discharge process (Fig. 1). In contrast,
spinel-type LiNigsMnj 504 electrodes show the oxidation and
subsequent reduction in poorly resolved double peaks in the
4.5-5.0V region. According to previous studies [10-14], the
signals are ascribed to the Ni**/Ni** redox couple and lithium
ordering processes.
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Fig. 1. Potentiostatic curves corresponding to first charge/discharge cycle of
layered LiNij»Mnj/;O; and LiNij;Mn3/O4 spinel in lithium cells.

Fig. 2 compares the EPR spectra of pristine layered and
spinel compositions (LiNij»Mn,0, and LiNij»Mn3z;nOy).
Above 140K, the EPR spectra of both compositions consist
of a single Lorentzian line. Below 140 K, the EPR signal from
LiNi/2Mn3,>O4 spinel disappears, while the EPR response from
layered LiNij»Mnj20; is still visible. At this temperature, it
has been found that LiNij;Mn3/,04 spinel undergoes a ferro-
magnetic transition, while no long magnetic range order was
observed for layered LiNij,Mnj,,0, up to 5 K [18,19]. For both
compositions, the effective g-factor decreases on cooling from
413K (Fig. 3). There is a line narrowing from 413 to 143 K
for LiNij»Mn3/,04 spinel, while a slight line broadening is
observed for layered LiNij»Mn;,0O,. Based on previous EPR
studies [15-17], the EPR response from LiNij;»Mn3/,04 spinel
is due to the residual antiferromagnetic correlations between
Ni?* and Mn** ions, while only Mn** ions gives rise to the EPR
profile of layered LiNij»,Mn1,0;.

Fully delithiated layered and spinel compositions dis-
play completely different EPR spectra (Fig. 2). For layered
Lis_,oNij2Mn;2,0, with nominal lithium content close to 0,
only one broad signal is observed. For Lis_,oNij2Mn3z»04
spinel, two signal can be resolved: at 293K, a narrow
Lorentzian dominates the EPR spectrum, whereas a broader
Lorentzian is better visible on cooling. The intensity of the
broader signal is about 10 times higher than that of the nar-
rower. The effective g-factors for both fully delithiated oxides
remain the same in the temperature range of 100-300K in
contrast to that of the pristine compositions (Fig. 3): the g-
value for layered Lis_,oNij»Mn,0; tends to 1.99, while for
Lis—,oNij2Mn3z» 04 spinel g=2.002 and 2.09 for the narrower
and the broader signals, respectively. These results show that
the EPR signals for both completely delithiated compositions
come from localized Mn** ions which are in the environment
of allied Mn** and diamagnetic ions (such as Ni** and Li*).
This is related with the oxidation of paramagnetic Ni** ions in
the vicinity of Mn** into diamagnetic Ni** ions after complete
removal of Li.

For fully delithiated spinel, Lis—.oNij;2Mn3/0O4 the obser-
vation of two EPR signals is related with two-phase mechanism
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Fig. 2. EPR spectra of pristine layered LiNij»Mnj»02 and LiNij2Mn3,04 spinel and electrodes after first charge up to 5.1 V (with nominal compositions
corresponding to Lis_,oNij2Mnj 0, and Lis—, 0Nij/2Mn3, Oy, respectively). Two simulated signals detected at Lis_,oNij2Mn3, 04 are indicated. The signal from

carbon mixture is also shown.

of lithium extraction. This result can be understood if we
take into account the dependence of the magnetic Mn**—Mn**
interactions on the distance. The magnetic behaviour of the
manganese spinels is determined from the competition between
direct Mn**-Mn** antiferromagnetic and 90° superexchange
Mn*-0>"-Mn** ferromagnetic interactions [20,21]. Thus,
it has been shown that superexchange ferromagnetic inter-
actions dominates for Mn**-containing spinels where the
Mn-Mn contact is between 2.867(4) and 2.923(4)10% (such
as LiMg;»Mn3»04 [19]), while an antiferromagnetic char-
acter is reported for spinels with ryvpp-mn =2.84 and 2.85A
(such as A-MnO; and LiCoMnOg4, respectively [22,23]).
Li[Li;3Mns/3]04 composition having rvn-mn =2.87 A is near
the crossover between the ferromagnetic and antiferromag-
netic transition [21]. Accordingly, this composition displays a
broader EPR signal as compared to that of LiMg;»Mn3/,04
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Fig. 3. Temperature dependence of the EPR line width, AH,, and g-factor
for pristine LiNij»,Mnj,,0, (a) and LiNij2Mn;,0; electrodes obtained: after
first charge to 5.1V (b); after first charge/discharge to 2.5V (c). Temperature
dependence of AH,p, and g-factor for pristine LiNij2Mn3,204 spinel (d) and
LiNi2Mn3/, 04 electrodes obtained: after first charge to 5.1 V (el and e2); after
first charge/discharge to 3.5V (f).

and LiCoMnOQy: the line width is about 100 mT, 44 mT and
22 mT for Li[Li;;3Mns;3]04, LiMgi2Mn3/2,04 and LiCoMnOQy,
respectively [24]. The temperature variation of the EPR line
width for Mn**-containing spinels is a result from the devel-
opment of ferro- or antiferromagnetic interactions. The EPR
line width decreases on cooling for ferromagnetically cou-
pled Mn**, while for antiferromagnetically coupled Mn** there
is an increase of the EPR line width. For fully delithiated
Lip oNij2Mn3 04 spinel, the line width for the narrow signal
increases on cooling, while the broader signal is slightly nar-
rowed below 173K (Fig. 3). Based on this comparison, one
may suggest that the narrow signal corresponds to an anti-
ferromagnetic spinel phase with a contracted lattice constant
("Mn-Mn ~ 2.85 A or a~8.05 A), whereas a spinel phase with
an expanded lattice constant (ryip—mn & 2.87 or a~8.13 A) is
responsible for the appearance of the broader signal. This result
is consistent with the ex situ XRD data on the changes of
the lattice constant of LiNij»;Mn3,04 during electrochemical
extraction of Li [8,9,25,26].

For partially delithiated spinel, LiNij»Mn3»04, the
NiZ*-Mn** spin system remains unchanged. The EPR inten-
sity is reduced following the changes in the Li amount: from
I=1.0 to 0.67 and 0.17 for initial and after 30% and 70% of
extracted Li, respectively. This result implies that the electro-
chemical extraction of Li from Lij gNij»Mn3,204 spinel can be
considered as a two-phase reaction including the initial compo-
sition and a new phase, which is EPR undetectable. In addition,
it is worth comparing the EPR behaviour of LiNij;»Mn3/,04
during Li extraction with the °Li NMR experiments for charged
LiNi/2Mn3,> 04 electrodes [27]. Up to 90% of extraction of Li,
NMR spectroscopy shows that charging process involves the Li
removal without changes in the Li local environment [27]. On
the other hand, it appears that both local EPR and NMR tech-
niques give complementary data to the ex situ XRD experiments
[8,9,26].

For partially delithiated layered LixNij»Mnj;p02, the
Lorentzian signal is extremely broadened. In addition, a new
signal grows in intensity at 143 K (Fig. 4). The effective g-factor
and the line shape undergo dramatic changes in a narrow temper-
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Fig. 4. EPR spectra of the LixNij,Mnj,,O; electrode obtained after first charge
to 4.5 V (with composition corresponding to Lig 5oNij2Mn1202).

ature range: going from 130 to 100 K, the resonance absorption
is shifted to lower magnetic fields. Looking for the origin of
this signal, it is worth mentioning that after 67% of extracted
Li a small fraction of nickel ions in tetrahedral sites have been
detected [28]. However, the EPR parameters of the new signal
are not consistent with that for Ni%* or Ni** in tetrahedral coordi-
nation. The origin of this signal can be explained having in mind
that about 10% of Ni>* resides the Li-sites. An EPR signal with
the same parameters has been detected for non-stoichiometric
Lij—Nij+yO, with x<0.33, which also contain Ni%* in the Li-
sites [29]. The Ni** and Ni** located in two adjacent layers
are coupled by strong 180° antiferromagnetic interactions. The
development of 180° Ni**—O-Ni** magnetic coupling between
the layers proceeds in addition to the 90° Ni**—~O-Ni** coupling
within the layers. The 180° exchange interactions are stronger
than the 90° ones, as aresult of which the EPR spectrum changes
from localized spin states to magnetically correlated spins at a
temperature lower than 210K [29]. The close EPR parameters
observed for partially delithiated Li,Nig5Mngs50; and non-

stoichiometric Lij_,Nij+,O2 permit assigning the EPR signal
of the former oxide to 180° coupled Ni**—-Ni** ions occupying
both Li- and Ni/Mn-sites.

The signal due to 180° coupled Ni%*—Ni** ions is observed
for partially delithiated layered oxides only, LiyNij»Mn,0;.
The appearance of the EPR signal in partially delithiated oxides
indirectly indicates that Ni>* ions are oxidized via Ni** ions in
the transition metal layers. By increasing the extent of Li extrac-
tion, the disappearance of this signal reveals a generation of Ni**
ions in the transition metal layers as oxidation products. In addi-
tion, the oxidation of Ni2* in the Li-site cannot be rejected. Asa
comparison, it is worth mentioning that Ni** ions in the Li-site
are electrochemically inactive for layered non-stoichiometric
Li;—xNi14+xO2 [30].

For layered LiNij»Mn;, 03, the electrochemical activity of
Ni?* in the Li-site was demonstrated by electrochemical test in a
more extended potential range (Fig. 5). Keeping the lower volt-
age limit at 2.5V, the upper voltage limit is decreased from 5.0
to 4.8 V. After 18 cycles between 4.8 and 2.5V, there is a gradual
loss in initial capacity: from 160 to 90 mAh g. By extending the
lower voltage limit from 2.5 to 1.45V, the reversible capacity
immediately increases to 160 mAh g. In the discharge curve, a
redox reaction between 2.5 and 2.0V is clearly resolved, while
only one oxidation reaction is visible above 4.2 V on the charge
curve (Fig. 5A). Fig. 5B gives the EPR spectrum of the corre-
sponding sample obtained after 18 cycles between 2.5-4.8 V and
subsequent 19 cycles between 1.45—4.8 V and stopped at 1.45 V.
At alower registration temperature, two overlapping signals can
be resolved. The first signal corresponds to the main signal due
to Mn** ions in LiNi;2Mn1,2,0;. The second signal bears char-
acteristics of the signal due to 180° coupled Ni**—Ni** ions. It
is important to note that this signal is not registered in the case
when oxides are cycled between 4.6 and 2.7 V. This means that
Ni?* ions in the Li-sites are generated and detected by EPR in the
oxides cycled in the lower potential range. The reappearance of
Ni* in the Li-sites of oxides cycled at 4.8—1.45 V can be tenta-
tively associated with the redox reaction occurring between 2.0
and 2.5 V. It is important to note that, according to Thackeray et
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Fig. 5. (A) Mass-normalized intensity vs. voltage curves of layered LiNi;»xMn O, after 18 cycles at 4.8-2.5 V. (B) EPR spectra of the LiNij»Mn;,O; electrode

obtained after 18 cycles at 4.8-2.5 V and subsequent 11 cycles at 4.8-1.45 V.
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al. [31], up to 1.4 V Mn remains tetravalent, while between 2.5
and 1.4V there was reduction of residual Ni** in the electrode
to Ni%*.

For both layered and spinel compositions, Li reinsertion
causes a recovering of the EPR spectra in terms of the temper-
ature dependence of the EPR line width and effective g-factor
(Fig. 3). This means that the Mn** environment in respect of
paramagnetic Mn** and Ni>* neighbors is restored after the first
cycle: 2.5-5.1V for layered Lij oNij2Mn;,0, and 3.2-5.1V
for Lil.oNil/zMn3/204 spinel.

4. Conclusions

Lithium extraction from Lij gNij»Mn3z»O4 spinel can be
regarded as a two-phase reaction including the initial compo-
sition and a new phase, which is EPR undetectable. Lithium
extraction from layered LiNi;,Mn2,0, up to 5.1 V proceeds by
the oxidation of Ni2* ions located both in the transition metal lay-
ers and the lithium layers, while the reverse process of reduction
takes place between 4.4-3.0V and 2.5-1.4V, respectively.

Lithium reinsertion in layered LiNij»Mnj0, and
LiNij»Mn3,,04 spinel shows a good recovering of the initial
properties making evident the notorious reversibility of these
electrode materials.
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