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Herein, we report a detailed study on the high-energy density nanostructured Li4!xMn2O5–Li2O composite

with a high discharge capacity of 355mA h g!1, constituting the highest value reported to date for a lithium–

manganese oxide electrode. Its high capacity was previously wrongly attributed to the participation of

Li4!xMn2O5 (Li4) alone. However, more detailed compositional, structural, and electrochemical analyses

revealed the important role played by Li2O during battery cycling that was able to increase the original

capacity of Li4 by 100 mA h g!1. The participation of Li2O is evident during the first charge when it is

mixed on the nanoscale with lithiated manganese oxide. The fully delithiated phase Li0 is formed after

the first charge. Our structural study combining neutron and synchrotron diffraction and transmission

electron microscopy demonstrates that lithium exchange essentially implies breathing of the average

cubic framework accompanied by small local atomic rearrangements that mainly involve oxygen anions.

Introduction
Electrochemical storage remains one of the major energy
challenges, and to achieve higher energy and power densities,
numerous studies have been targeted on the enhancement of
the performance of rechargeable Li-ion batteries. In particular,
research has been focused on new, non-toxic, low-cost, eco-
friendly, and safer materials.1–6 In the cathode, the extraction
and insertion of lithium in the structure are accompanied by
redox reactions, which are a function of the applied potential.

Despite extensive studies, only a few phases have been re-
ported as attractive cathodes for Li-ion batteries within the Li–
Mn–O system. The best-performing compounds are the spinel
LiMn2O4,7,8 exhibiting a 3D structure, and pure manganese 2D
LiMO2 layered materials. The layered compounds LiMnO2 (ref.
9–11) and Li2MnO3 (ref. 12–14) have been extensively studied.
They exhibit capacities of "200 mA h g!1 and are characterized

by an irreversible structural transformation upon cycling. The
best electrochemical performance is displayed by layered
materials containing a mixture of M transition metals, e.g. M ¼
Mn, Ni, and Co: Li1/3Ni1/3Mn1/3CoO2 (NMC)15 and xLi2MnO3$

(1 ! x)Li1/3Ni1/3Mn1/3CoO2 composites16–19 achieve reversible
capacities higher than 250 mA h g!1.

In the case of Li-rich composites such as (1 ! x)Li2MnO3$

xLiMO2, where M ¼ Ni, Mn, and Co, or Li1+xNiyCozMn1!x!y!zO2

compounds,20–22 the overlithiated Li2MnO3 component not only
acts as a structural stabilizing agent, but also, most importantly,
can provide anomalous capacities (over 250 mA h g!1) aer
electrochemical activation above ca. 4.5 V.

The electrochemical performance of the aforementioned
materials in terms of capacity is limited to one electron per
transition metal (TM) atom. However, several Li-rich materials
exhibit delithiation extent beyond the conventional limit given by
the TM redox reactions; this leads to additional capacity. In these
compounds, reversible redox processes and high irreversible
capacities (irreversible oxygen losses) are observed. To explain the
high capacities23–25 oen observed in overlithiated materials, the
electrochemical activity of cumulative cationic Mn+ /M(n+1)+ and
anionic 2(O2!) / (O2)n! reactions is needed. The simultaneous
extraction of lithium and oxygen from the structure occurs
together with the activation of the material induced by charging
above 4.5 V (oen associated with a voltage plateau). In fact, the
oxidation of oxygen and the formation of peroxo/superoxo groups
are related to the possible release of oxygen molecules. Lu and
Dahn26 have explained charge compensation in Li/Li[NixLi(1/3!2x/3)-
Mn(2/3!x/3)]O2 on the basis of the loss of oxygen and leaching of
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F-14050 Caen, France. E-mail: valerie.pralong@ensicaen.fr
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Li2O during the rst oxidation. Interestingly, Okamoto27

conrmed from rst-principles calculations that the presence of
oxygen vacancies in Li2MnO3 would decrease the redox potential
associated with lithium extraction. Similarly, Bruce et al.28 have
demonstrated that lithium extraction in Li1.2[Ni0.13Co0.13Mn0.54]O2

is charge-compensated by electron holes localized on the oxygen
atoms coordinated by Mn4+ and Li+. The loss of oxygen on the
surface16,17 is accompanied by the diffusion of TM ions away from
the surface into the bulk to enter octahedral sites in the TM layers.
It is worth noting that within a crystal, different local environ-
ments have an impact on the redox processes and consequently on
the participation of oxygen. Via DFT calculations, Ceder et al.29

have shown that a local excess of lithium in the environment of
oxygen anions increases the labile character of oxygen electrons,
which can be more easily extracted and thus become able to
participate in redox reactions. Moreover, the nucleation of a dis-
torted and/or disordered phase results in the modication of the
oxygen network. On the other hand, the oxidation of oxide ions in
these layered manganese-based materials results in a partial loss
of oxygen with irreversible structural modications (e.g. the
formation of Li2O as a byproduct), and the solid-state redox reac-
tions of the oxide ions are stabilized in ruthenium-based Li2-
Ru1!ySnyO3, with the oxidation of O2! to the peroxo-like species
(O2)n!. This feature was experimentally proved without any
ambiguity by Tarascon et al.30–33 These results were further sup-
ported by Islam et al.,34 who showed that the formation of O–O
bonds and (O2)n! species in highly delithiated states in Li2MnO3

was due to d–p hybridization. The presence of an electron hole on
oxygen is an evidence for the oxidation of oxygen anions induced
by the holes along the Li–O–Li congurations induced by an excess
of lithium and cation disorder, i.e. with the extraction of a labile
electron from oxygen anions; in addition, nanostructured active
powders as well as intercalation compounds are widely used to
improve the electrochemical performance of electrodes (for
reviews see ref. 35 and 36).

Recently, we have reported a novel Li4 material with
a disordered rock salt-type structure.37 The meticulous compo-
sitional and sample purity analyses presented in this study
allowed us to identify the composition of Li4 to be
0.93Li3.6Mn2.4O5.4–0.07Li2O (herein referred as a Li4–Li2O
composite).

The electrochemical performance of Li4 with and without
Li2O was evaluated, revealing that the presence of Li2O in the
composite was required to achieve the previously reported high
discharge capacity of 355 mA h g!37. To gain a better under-
standing of the mechanism at work in the lithium extraction
process involved in the Li4–Li2O composite, we conducted
a thorough structural investigation using experimental tech-
niques adapted according to its nanostructured nature and
coupled with electrochemical characterizations. The results of
these investigations for pristine and oxidized samples are pre-
sented in this study.

Experimental
Nanostructured Li4–Li2O composite and Li3.6Mn2.4O5.4 (Li4)
were synthesized by a two-step route using mechanochemical

activation. At rst, high-temperature LiMnO2 (HT-LiMnO2) was
produced by a solid-state reaction using a reagent mixture of
LiOH, MnO2, and MnO, with the molar ratio of 2 : 1 : 1, which
was ground energetically. A small excess ("5 wt%) of LiOH was
added to compensate for the evaporation of lithium at high
temperatures. Then, the homogeneous mixture was heat-
treated at 1000 $C under an argon ow for 8 h. The mechano-
chemical synthesis was carried out using Fritsch Planetary
Micro Mill PULVERISETTE 7 premium at 700 rpm inside
a 20 mL tungsten carbide bowl with four WC grinding balls
(with a diameter of 10 mm). Then, LiMnO2 (4.32 g) was ground
with a stoichiometric amount of Li2O (0.68 g) for 20 h, and
5 wt% of carbon black was added aer 15 h of mechanical
milling to improve the electrochemical performance and elec-
tronic conductivity upon cycling.

To produce a large amount (2.5 g) of the oxidized phase
required for neutron powder diffraction experiments, the as-
prepared material was chemically oxidized with an excess of
NO2BF4 (5.2 V vs. Li+/Li) in acetonitrile for 7 days under stirring.
The product of the reaction was washed with acetonitrile. This
synthetic route produced samples that were identical to the
electrochemically charged Li0 (see Fig. SI-1†).

The electrochemical performance was tested with Swagelok
cells using lithium as a counter electrode. For electrochemical
measurements, composite electrodes were made by grinding the
Li4–Li2O nanopowder with carbon black (weight ratio of 72 : 28).
The electrolyte, namely, LiPF6 (1 M), was dissolved in EC
(ethylene carbonate) + EMC (ethyl methyl carbonate) with
a volume ratio of 3 : 7. The cells were assembled in an argon-lled
dry glove box with a typical loading of 20–25 g cm!2 of the active
material. The electrochemical studies were carried out at room
temperature (RT) using a VMP II potentiostat/galvanostat (Bio-
logic SA, Claix, France) at a slow cycling rate of the extraction/
insertion of 1 Li+ ion in 20 hours (corresponding to a rate of C/
80 if we consider the extraction/insertion of 4 lithium ions) in
the galvanostatic mode between 1.2 V and 4.8 V. Unless otherwise
stated, the cycling rates used in this study correspond to the
removal/insertion of 1 Li+ in 20 hours. This slow rate, close to the
thermodynamic conditions, has been found to facilitate the
understanding of the electrochemical processes involved during
the charge–discharge cycles.

The long-term cycling capability of the composite electrode
was studied in coin cells using a mixture of 70 wt% of the active
material (Li4–Li2O), 10 wt% of carbon black, and 20 wt% of
polytetrauoroethylene (PTFE) binder and applying the previ-
ously specied cut-off voltages.

Neutron powder diffraction (NPD) patterns were acquired at
the French CRG-D1B beamline at the Institut Laue-Langevin
with the monochromatized wavelength of 1.288 !A (see Fig. SI-
2†). Approximately 1.5 g of powder was prepared in a cylindrical
vanadium can with a diameter of 5 mm sealed under an inert Ar
atmosphere. The data were obtained at room temperature in the
2q range of 1.0–125.0$ with a data collection time of 2 h per
sample. Calibration of the instrument resolution function was
carried out with a Na2Ca3Al2F14 (NAC) standard.

High-energy synchrotron X-ray powder diffraction (HE-
SXRPD) patterns with a high spatial resolution were acquired
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at the French CRG-D2AM beamline (BM02) using l¼ 0.4959!A
radiation for subsequent Rietveld and PDF analysis. The
samples were prepared under inert conditions in epoxy-
sealed borosilicate glass capillaries with an outer diameter
of 0.7 mm. The data were obtained at room temperature in
the 2q range of 0.8–128.0$ with a data collection time of 2 h
using the 2D pixel detector XPAD3.38 To obtain data over this
wide range of angles, 120 diffraction images were taken at
each 2q degree interval. These were assembled, averaged, and
rebinned using the PyFAI39 soware to produce a single 1D
pattern. In addition, the diffraction pattern of an empty
capillary was obtained. The data were calibrated by collecting
data for a LaB6 standard for 4 h. A Ni standard sample was
also used to calibrate the experimental effects on the PDF
data.

Rietveld renements of the NPD and SXRPD data were per-
formed with the FullProf soware.40 In addition, the SXRPD
data were corrected and Fourier-transformed using the
PDFgetX3 soware41 with Qmax ¼ 21.4 !A!1. Renements of the
PDF data were carried out with the PDFgui42 soware.

Transmission electron microscopy (TEM), including high-
angle annular dark-eld scanning TEM (HAADF-STEM) and
annular bright-eld STEM (ABF-STEM) studies, was carried out
using the JEM-ARM200F cold FEG microscope corrected for
spherical aberration and probe corrected microscope, equipped
with a large-solid-angle CENTURIO EDX detector and
a Quantum EELS spectrometer. Crushed samples in a suspen-
sion with butanol were deposited on porous carbon grids in an
argon-lled glove box. Due to the high sensitivity of these
materials to high temperatures and to avoid destruction of the
sample by the electron beam during TEM measurements, 80 kV
voltage conditions were used.

Elemental analyses of the as-prepared and oxidized mate-
rials were carried out using an inductively coupled plasma
optical emission spectrometer (ICP-OES; Agilent 5100). The
active material was completely dissolved in a concentrated aqua
regia solution for several hours until it became clear. This
solution was further dissolved in a ratio of 1 : 5 and ltered with
nylon lters with a pore diameter of 0.45 mm.

Results and discussion
Electrochemical investigation

The as-prepared nanostructured Li4–Li2O composite displayed
remarkable electrochemical performance. Fig. 1 shows the
charge–discharge proles, in which the oxidation process
during charging is achieved by a gradual increase in the cut-off
voltage from 4.4 V to 4.6 V and later to 4.8 V. The electro-
chemical activity of the Li4–Li2O composite displayed
substantial irreversibility in the rst cycle: the capacity of
"348 mA h g!1 in the rst charge to 4.4 V corresponds to the
extraction of 2.83 Li+/f.u, and the average capacity of
287 mA h g!1 in the rst discharge to 1.2 V corresponds to the
reinsertion of 2.33 Li+/f.u. Thus, an irreversible capacity of
61 mA h g!1 corresponding to "0.5 Li+ was observed, which
indicated an open-circuit voltage (OCV) of 1.9 V. Improvements
in reversibility and capacity retention were observed aer the

rst cycle. Aer three cycles, the capacity reached a high value of
303 mA h g!1, corresponding to the reinsertion of 2.47 Li+/f.u.
upon discharge.

The composition of the active Li4 material was identied to
be Li3.6Mn2.4O5.4.‡ The synthesis of Li4 was achieved without
any trace of a Li2O impurity (Fig. SI-1†), and the electrochemical
curve of the Li4 material was studied (Fig. 1b). The reversibility
of the Li4 material was signicantly enhanced in the absence of
Li2O, although the discharge capacity decreased by "30%.
These results indicate the participation of the Li2O phase in the
electrochemical performance of Li4–Li2O.

Fig. 1 Typical voltage–composition profile of the Li4–Li2O composite
(a) and Li4 (b).

‡ Chemical analyses. The Li : Mn ratios in the as-prepared and oxidized materials
were determined using ICP elemental analyses. The proportion of Li : Mn was
equal to 1.9 % 0.05 for the Li4–Li2O composite and 0.2 % 0.05 for the oxidized
Li0 material. These results conrm that the delithiation process occurred
during the charge of the as-prepared material and thus provided other
constraints for the Rietveld renement.
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Fig. 2 shows the discharge capacity of Li4–Li2O for the rst
three cycles at several current rates ranging from C/80 to C/4.
The discharge capacity was highest at the slowest studied
rate, namely, C/80. The stable discharge capacities at C/40 (1 Li+

in 10 hours) and C/20 (1 Li+ in 5 hours) were relatively similar at
"270 mA h g!1. The discharge capacity drastically decreased to
150 mA h g!1 at C/4 (1 Li+ in 4 hours), with a signicant increase
in polarization. Note that in this preliminary study of the Li4–
Li2O composite, the performance was measured without opti-
mization of the electrodes (i.e. in the absence of any slurry or
binder). Thus, these results indicate a relatively satisfactory
cycling stability of the composite at higher cycling rates up to 1
Li+ in 5 hours.

The enhanced performance of the composite electrode at
slower cycling rates could also be attributed to the longer time
needed for the reaction of Li2O, which was proven to play a key
role in the achievement of high capacities (Fig. 1).

The disappearance of the Li2O diffraction peaks in the case of
Li0might alternatively be attributed to the decomposition of Li2O
accompanied by the release of O2. However, this scenario cannot
explain the additional capacity retained beyond the rst charge
cycle as the capacity of the composite aer the third cycle (see
Fig. 1a) is "100 mA h g!1 higher than that of Li4 without Li2O
(Fig. 1b). In addition, nanostructured Li2O prepared in the same
way as Li4 did not exhibit any electrochemical activity in the same
potential window; this suggested that the presence of manganese
oxide was needed to make Li4 active. The mechanism by which
Li2O is able to enhance the performance of the composite is not
yet understood and requires further clarication.

Operando diffraction experiments and compositional and
structural analysis of the sample obtained aer the rst charge–
discharge cycle with reversible capacity were being performed at
the time of writing this report, which would help to clarify the
interaction between Li4 and Li2O during the rst charge.

The longer-term cycling of the Li4–Li2O composite was
studied up to 45 cycles (see Fig. SI-3†), and a stable discharge
capacity of 190 mA h g!1 was observed (corresponding to the
insertion of 1.65 Li+), which constituted approximately 50% of
the initial charge capacity. In addition, an increase in

polarization was observed between the h cycle (350 mV) and
the forty-h cycle (500 mV). Note again that these electro-
chemical tests were performed without optimization of the
electrode.

Several electrochemical processes are observed in the cyclic
voltammetry curves shown in Fig. 3. The rst oxidation prole
differs from the others and appears to be irreversible. This
behavior may be ascribed to the reaction of Li2O during the rst
electrochemical oxidation to 4.4 V.

During the second charge, a broad peak centered at 3.29 V vs.
Li+/Li appeared, which shied to lower potentials in the
subsequent cycles. This is a characteristic feature of the Mn3+/
Mn4+ redox couple. The peak centered at 4.0 V could be ascribed
to Mn4+/Mn5+ (unlikely, owing to the instability of Mn5+ in an
octahedral environment) and/or O2!/O! couples (Fig. 3).

The electrochemical behavior of Li4–Li2O was further char-
acterized via cycling with a focus on the Mn3+/Mn4+ redox
couple, i.e. with extraction limited to two Li+ ions, correspond-
ing to the potential window of 1.5–3.7 V. Under these condi-
tions, the oxidized phase with Mn4+ is obtained at"3.7 V vs. Li+/
Li. The participation of oxygen, usually occurring at 4.5 V in Li-
rich layered materials, was not observed, and we then focused
on the redox activity of the Mn3+/Mn4+ couple. The electro-
chemical process between Mn3+ and Mn4+ led to a low irre-
versible capacity of approximately 20 mA h g!1 (0.18 Li+/f.u.)
aer the rst cycle, and a discharge capacity of 230 mA h g!1

(Fig. 4a). However, the obtained polarization (>300 mV) was not
reduced in comparison with that observed for the Li4–Li2O
composite ("300 mV) cycled between 1.2 V and 4.8 V, which
involved the electrochemical activity of oxygen.

Thus, we needed to identify other redox-active centers
involved in the course of the rst charge involving almost three
electrons (>350 mA h g!1), which enabled the achievement of
a reversible stable capacity of 275 mA h g!1 aer 8 cycles (Fig. 1).

Galvanostatic intermittent titration technique (GITT)
measurements provide information on the polarization evolu-
tion and relaxation kinetics, which enable the estimation of the
internal resistance of the cathode during cycling, aer each

Fig. 2 Capacity vs. capacity rate for the Li4–Li2O composite for the
first three cycles.

Fig. 3 Cyclic voltammetry curves for the first ten cycles for Li4–Li2O
at a rate of 10 mV s!1.
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current step, and before the relaxation period. During the rst
cycle (Fig. 4b–e), the variation in the potential DU during the
relaxation period was approximately constant in the charge
process ("200 mV), whereas in the following discharge process,
DU increased from 80 mV to 400 mV at the end of the reduction
process. The evolution of this potential aer each step suggests
a contribution from an additional phenomenon other than
charge transfer. These results indicate the coexistence of
various processes with different kinetics during the rst cycle.

When the composite electrode was charged directly up to
4.8 V (Fig. 4d–e), an increase in polarization at potentials higher
than 4.2 V was observed in comparison with that in the poten-
tial window between 1.5 V and 3.7 V. During the subsequent
discharge to 1.2 V, this parameter decreased and reached
a minimum value of "2.5 V. At potentials higher than 4.5 V, we
noticed an increase in polarization aer each current step
presumably due to a kinetically different process such as the
degradation of the electrolyte. GITT measurements are used to
monitor the phase transformation of the electrodes and enable
the determination of the lithium ion diffusion coefficient
during cycling that is strongly inuenced by the particle size
(see ref. 43 and 44). At the rates of C/80 and C/40, the diffusion
coefficient DLi+ of nanostructured Li4–Li2O lies within the range
of 10!10 to 10!9 cm2 s!1, comparable to the DLi+ values for
LNMC and LiFePO4.45 This high diffusion coefficient of the
composite could be related to nanostructuring and intrinsic
disorder in Li4.

Structural investigations

To better understand the oxidation processes occurring in the
course of the rst charge, the as-prepared and chemically
oxidized materials were studied in depth using complementary
structural investigation techniques: combined Rietveld rene-
ments of SXRPD and NPD data, PDF analysis of SXRPD data,
and HAADF-STEM observations.

The atomic coordinates of a rock-salt MnO-type structure
with modied occupancy values were used as a starting model
for combined NPD and SXRPD Rietveld renements for the as-
prepared and chemically oxidized samples. The same structural
model and microstructural parameters were used to simulta-
neously rene both sets of data.

The scale factor, lattice parameters, and independent
isotropic thermal parameters Biso for cation and anion sites
were rened. The backgrounds were tted with Chebyshev
polynomials. The prole shapes were described using a modi-
ed Thompson–Cox–Hastings pseudo-Voigt function,46 where
instrumental proles were determined by the renement of
standards. Line-broadening anisotropy was attributed to
anisotropic coherent size domains. To describe this effect, we
used a spherical harmonic expansion (SPH) of the Scherrer
formula with the Laue class symmetry of m3m as implemented
in FullProf. The domain microstrains were rened isotropically.
Peaks due to the Li2O component were observed in the NPD and
SXRPD patterns of Li4, for which the rened weight percentage
amounted to 7.2(3)%. For Li0, the regions between 10$ and 12$

and between 16$ and 18$ in the SXRPD pattern were excluded

Fig. 4 (a) Typical voltage–composition profile of Li4–Li2O obtained at
C/80 involving only the Mn3+/Mn4+ redox couple; GITT curves for the
first cycle (between 1.2 and 4.4 V) as a function of (b) the composition
and (c) the time at a rate equal to C/80, with a charging (discharging)
time of 5 h followed by a relaxation time of 10 h; and GITT curves for
the first cycle (between 1.2 and 4.8 V) as a function of (d) the
composition and (e) the time at a rate equal to C/40, with a charging
(discharging) time of 5 h followed by a relaxation time of 10 h.
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from the renement owing to the presence of two broad peaks,
which could not be assigned to a known phase and could not be
observed in the NPD data. An excellent t to the experimental
prole was obtained (Fig. 5) for both the starting sample and the
delithiated sample. The rened crystallographic data and reli-
ability factors are presented in Table 1.

For the renement of the as-prepared sample, the Mn
cation valence was xed at 3+, the atomic occupancies were
then allowed to vary as Li4!x

+Mn2Hx
3+O5Hx

2!, and the overall
Li : Mn ratio (taking into account the loss of lithium in the
main phase by the formation of an Li2O impurity) was con-
strained to be 2 : 1 as determined by ICP, yielding
Li3.59(2)Mn2.41(2)O5.41(2). For the chemically oxidized sample, in
the rst instance, the manganese and oxygen contents were
considered to be unchanged, and the lithium content was
rened as Li3.6!xMn2.4O5.4. The rened value of x ¼ 3.6(1) is in
good agreement with that derived from the voltage–composi-
tion prole shown in Fig. 1a and the ICP results. We then
investigated the possibility of oxygen loss by xing the Li and
Mn occupancies at their previous values (i.e. 0 and 2.4,
respectively) and allowing the stoichiometry of the sample to
vary as Mn2.4O5.4!y. The nal rened composition of
Mn2.4O5.0(1) could indicate the possible release of oxygen
during oxidation. Although the occurrence of the release of
a sizeable amount of oxygen is an important issue for the
elucidation of the oxidation mechanism, the present result
should be taken with great care. In fact, the renement of the
oxygen occupancy did not improve the ts signicantly, i.e.
the Rwp values decreased by only "3% and the RBragg values
increased by more than 8% when the oxygen content was
rened. Moreover, owing to the small number of observable
Bragg reections and the disordered nature of the material,
the precision achieved by the Rietveld renement of occu-
pancy parameters was intrinsically limited and inevitably
smaller than that deduced from the calculated e.s.d. values.

The Rietveld rened structures were used as starting points
for modelling the PDF data of the two samples investigated
herein. The short (1–10 !A) and long (10–35 !A) r-ranges were
tted separately with PDFgui. The PDFs displayed no peaks
ascribed to the presence of impurities, and due to the low
fraction of the Li2O phase found by Rietveld renement, only
the main Li4 phase was considered (Fig. SI-5†). The instru-
mental dampening and broadening of the PDF signal were
quantied by modeling a nickel standard. The scale factor,
linear correlation factor d1, lattice parameters, particle size, and
overall isotropic atomic displacement factor for all atoms Biso,ov
were rened for the long r-range, and the data rendered a good
agreement with the average rock salt-type model (Fig. 6). The
reasonable rened parameters and acceptable Rw values ob-
tained herein (Table 2) conrm once again that despite the
presence of a large amount of disorder in Li3.6!xMn2.4O5.4, its
average structure remains analogous to that of MnO.

A comparison of the experimental PDF data for the range
between 1 and 10 !A with those calculated from the previously

Fig. 5 Combined Rietveld refinements of (left) NPD and (right) SXRPD
data for (top) Li0 and (bottom) the Li4–Li2O composite. For the X-ray
data, the diffraction peaks due to an unknown phase are represented
by the symbol C. The green and orange tick marks correspond to
Li4!xMn2O5 and Li2O, respectively.

Table 1 Details from the combined Rietveld refinements of Li4–Li2O
and Li0. The values in parentheses are 1 e.s.d. for the last digit

Li4 Li0

Li4!x
+Mn2+x

3+O5+x
2! Mn2.4O5.4!y

x x ¼ 0.41(2) —
y — y ¼ 0.4(1)
Rietveld rened parameters and agreement factors
a (!A) 4.1678(2) 4.0681(1)
Biso,O (!A2) 1.94(2) 2.07(6)
Biso,Mn (!A2) 0.35(1) 0.55(4)
Coherent domain size
(nm)

7.34(8) 6.93(2)

NPD Rwp (%) 10.7 24.9
RBragg 1.70 6.69

SXRPD Rwp (%) 11.2 8.12

Fig. 6 (Right) PDF refinements for (top) Li0 and (bottom) Li4 between
10 and 35!A using an average cubic MnO model; (left) comparison for
the r-range below 10!A of the PDF data observed and calculated using
the same model, showing local distortions.
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rened average models for the range of 10–35 !A led to unsat-
isfactory agreement factors and poor ts, which were symp-
tomatic of local structural disorder (Fig. 6), le. For both
samples, calculations based on renements for the long r-range
were not able to reproduce the PDF data observed for the short
r-range (see, for instance, the peak at 2 !A). To qualitatively
visualize the effects of the local disorder, the r-scale for Li0 was
multiplied by the lattice parameter ratio (aLi4/aLi0) determined
from the long-range PDF ts. The results are shown up to 10!A at
the bottom of Fig. 7. This rescaling is meaningful because the
structure has a cubic symmetry, and all interatomic distances
are proportional to the cell parameter. Upon the removal of Li,
breathing of the average structure was observed. A decrease in
the cell parameter from 4.170 to 4.069 !A for Li4 and Li0,
respectively, was induced by the increase in the valence of Mn
and the presence of almost 2/3 vacancies at the cation sites. This
breathing process was accompanied by clear modications of
the local structure that mainly involved oxygen anions, whereas
the cation network seemed to preserve its cubic arrangement.
As seen in Fig. 7, the peaks corresponding to Mn–Mn distances
were barely modied, whereas those for Mn–O distances were
displaced and distorted. The latter point was conrmed by the

HAADF-STEM analysis mentioned in the following section. The
structural coherence length of about 6 nm, in good agreement
with the Rietveld renements, was not markedly modied by
the removal of Li (Fig. SI-6†). Thus, our results indicate that Li
exchange can proceed without major structural rearrangements
as required for the good cyclability of cathode materials.

However, the oxygen coordination polyhedra of the cations
have to adapt to the change in valence that accompanies the
removal of Li. A higher degree of disorder among oxygen sites is
further supported by the higher thermal parameters deter-
mined by Rietveld renement (Table 2) for the two composi-
tions studied herein. Already for Li4, the cation coordination
was modied with respect to a regular octahedron, as evidenced
by the splitting of the rst PDF peak centered at 2!A (Fig. SI-7†).
According to the rened cell parameter of the average cubic
structure, this peak should be at 2.08 !A; however, it appears to
split into one strong peak at 1.97!A and a smaller peak at 2.31!A.
Since the ionic radii of Mn3+ in 5- and 6-fold coordination (0.58
!A and 0.645 !A (ref. 47)) correspond to the Mn–O distances of
1.98 and 2.07!A, respectively, the strong peak may be attributed
to Mn–O bonds. The smaller peak at 2.31!A could be ascribed to
the Li–O bonds although these appear to be a little longer than
expected from the ionic radius of Li+. This attribution is sup-
ported by the disappearance of this peak in the pattern of the
delithiated sample. The tting of the intensity ratio of the two
peaks with a Gaussian function yields a ratio of 4.29, whereas
the ratio calculated from the stoichiometry of Li4 and the
number of electrons on the Mn and Li atoms is 4.16, assuming
equivalent coordination for both species. This does not
preclude the possibility of a contribution to the peak at 2.31 Å
from local distortions of the MnO6 octahedra induced by
structural disorder and/or Jahn–Teller distortion of Mn3+

cations.
For the chemically oxidized compound, the rst peaks at 2.0

and 1.8 !A can be tted with two Gaussian functions with an
intensity ratio of 9 : 1. The former is compatible with Mn4+

cations in octahedral coordination (bond distance from ionic
radius: 1.93 !A), whereas the latter is compatible with Mn4+ or
Mn5+ cations in tetrahedral coordination (bond distances: 1.79
or 1.73 !A, respectively). Indeed, only octahedral or tetrahedral
coordination is reported for Mn4+ cations, and only tetrahedral
coordination is reported for Mn5+ cations. However, this attri-
bution has to be regarded with great care because the intensity
ratio of these two peaks is not consistent with a Mn valence

Table 2 Details from the x-PDF fits for Li3.6!xMn2.4O5.4

Space group Fm"3m
Sample ID Li4 Li0
Composition Li3.6Mn2.4O5.4 Li0Mn2.4O5

Fitted r-range (!A) 1–10 10–35 1–10 10–35
Rw 0.448 0.322 0.450 0.293
Coherent domain size
(nm)

4.8 (xed) 4.8(9) 5.2 (xed) 5.2(8)

a (!A) 4.160 (xed) 4.160(3) 4.065 (xed) 4.065(4)
d1 1.0(2) 1.0 (xed) 1.4(2) 1.4 (xed)
Biso,ov (!A2) 1.4(2) 1.4(2) 1.6(3) 2.5(3)

Fig. 7 (Top) Comparison of the PDF data for Li4 (green) and Li0
(purple) for the short r-range. In the bottom panel, the distances for Li0
have been rescaled by the ratio of the cell parameters of the two
compounds (see main text). The Mn–O and Mn–Mn distances from
the average rock salt model are shown as dashed and dotted lines,
respectively.

5162 | J. Mater. Chem. A, 2018, 6, 5156–5165 This journal is © The Royal Society of Chemistry 2018

Journal of Materials Chemistry A Paper



close to 4.5. In fact, the weakness of the peak at 1.8!A makes the
presence of tetrahedrally coordinated Mn4+ or Mn5+ cations
unlikely. This would also require a drastic structural rear-
rangement of the oxygen framework, which is observed neither
in the PDF nor in the TEM experiments. On the other hand, the
possible presence of peroxo anions (O2

n!) in the structure
would strongly distort the coordination polyhedra of Mn,
leading to deformation of the rst neighbour peak in the PDF
pattern. However, this study was limited by the low sensitivity of
X-rays for Li and O atoms. A full characterization of the local
structure combining the current data with NPD PDF data is
ongoing and will be reported in the future.

To investigate structural features at the atomic level, HAADF-
STEM and ABF-STEM were performed on the as-prepared Li4–
Li2O and oxidized Li0 materials (Fig. 8 and 9).

The simultaneous examination of HAADF-STEM and ABF-
STEM images allows the simultaneous visualization of heavy
(Mn) and light (Li, O) atoms, respectively. The rened structural
model detailed in Table 2 was used for the simulations.

High-resolution HAADF-STEM (Fig. 8a) and ABF-STEM
(Fig. 8b) images demonstrate the high crystallinity of the as-
prepared Li4 domains, which are well ordered at the atomic
level with punctual atomic columns. The slight variation in the
brightness of the Mn/Li columns in the HAADF-STEM image
(Fig. 8a) can be attributed to an inhomogeneous distribution of Li
and Mn atoms. It is important to note that a quite homogeneous

contrast is observed in the ABF-STEM image, where the black
dots correspond to the Li/Mn columns and the grey dots corre-
spond to the O columns according to image simulations. This
indicates that all atoms are located close to their expected posi-
tions in the rock salt structure, and local atomic displacements
are small, which is in good agreement with the results obtained
from the NPD and SXRPD experiments.

HAADF-STEM (Fig. 8c) and ABF-STEM (Fig. 8d) images of the
chemically oxidized Li0 also display a rock salt-type structure.
However, a more homogeneous contrast is observed in the
HAADF-STEM image (Fig. 8c) with respect to that of Li4 (Fig. 8a).
The increased homogeneity in the HAADF-STEM image shown in
Fig. 8c is ascribed to the almost exclusive presence of Mn atoms
along the columns due to the removal of Li. On the other hand, the
increased disorder in the ABF-STEM images shown in Fig. 8d can
be explained by a more pronounced disorder of the oxygen atoms
that form the coordination polyhedra around Mn cations with
various valences and coordination numbers and is also possibly
related to the presence of peroxo anions. This is consistent with
the conclusions from the diffraction/PDF study reported above.

TEM images are projections of the structure onto a plane.
The determination of the displacements of single atoms from
the atomic column that represents their average position is
difficult in a thick sample. Therefore, we performed ABF-STEM
imaging on a single Li0 nanoparticle.

Fig. 9a shows an ABF-STEM image of a single Li0 nano-
particle with a size of 2.5–3 nm. The particle has an octahedron-
like shape faceting along the {111} planes. The evident inho-
mogeneity is due to a high degree of local disorder and the
displacement of oxygen atoms. The inset in Fig. 9a shows a clear
shi of an oxygen atom from its ideal octahedral position
towards the Mn column. Note that all other O atoms in the same
octahedron remain at their ideal positions; this suggested a lack
of octahedral tilting. The displacement of certain oxygen atoms
away from their ideal positions towards the Mn column could
be induced by strong TM–O hybridization, which accounted for

Fig. 8 (a) [011] HAADF-STEM and (b) ABF-STEM images of the as-
prepared Li4–Li2O with the corresponding FT patterns shown in the
top left corner. The bottom left insets show magnifications with a Li/
Mn (90/10) simulation overlay on top. The bottom right inset in (b)
corresponds to a magnified ABF-STEM image in which a Li/Mn octa-
hedron has been drawn. (c) and (d) [011] HAADF-STEM and ABF-STEM
images of the chemically oxidized Li0, respectively. The bottom left
insets show magnifications with a Li/Mn (5/95) (see model S1†) simu-
lation overlay on top. Li/Mn atoms are represented by red spheres and
O atoms are represented by blue spheres.

Fig. 9 [011] ABF-STEM images of the chemically oxidized Li0. (a)
Single nanoparticle: the inset shows a magnified image showing the
structural model (Li/Mn: red, O: blue). The white arrows indicate the
displacement of the oxygen atoms circled in blue dashed lines towards
Mn atoms; (b) twinned nanoparticles: the bottom left inset shows
a magnified image of the structural model, and the bottom right inset
shows an isolated (111) twin plane (white arrow).
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the short distances observed. Fig. 9b shows an ABF-STEM image
of a twinned nanoparticle. The twinned nanoparticle is imaged
along the [011] zone axis, and twinning occurs over a {111}-type
twin plane, which is characteristic of cubic structures.

From the observation of a well-ordered cubic framework of
Mn in Li4 and Li0 via combined Rietveld renement, x-PDF and
TEM, and the identical coherent domain sizes of"6 nm in both
compounds, we conclude that there are no major structural
rearrangements of the Li4 material during lithium extraction.
Thus, it seems unlikely that the Mn4+/Mn5+ redox couple can be
responsible for the electrochemical activity at 4 V (Fig. 4). This
scenario would entail major structural rearrangements for the
accommodation of Mn5+ in a tetrahedral environment, which
were not observed.

The formation of oxo-peroxo groups from possible dimer-
ization at high potentials in the oxidized material33,34 and the
formation of electron holes on the oxygen ligands have not been
directly observed in this study and are particularly difficult to
detect in intrinsically disordered compounds. However, we
strongly believe that the participation of oxygen in the electro-
chemical activity of the Li4–Li2O composite via the strong
hybridization of the TM–oxygen bond that can in turn explain
the displacement of certain oxygen atoms towards the Mn
column, as observed by TEM, may be responsible for the addi-
tional capacity observed at 4 V.

Conclusions
In this study, we have identied the presence of Li2O in the Li4–
Li2O composite and the composition of the main Li4 rock salt
material via a thorough compositional analysis combining ICP
with combined neutron and synchrotron X-ray Rietveld rene-
ment. It was demonstrated that the presence of 7 wt% Li2O in
the initial positive intercalation electrode was responsible for
the exceptional reversible capacity of 275 mA h g!1 during
cycling, with an increase in capacity of 30% with respect to that
of the Li4 material. Interestingly, Li2O was found to react with
Li4 during the course of the rst charge cycle with substantial
irreversibility. Structural characterization of the pristine and
oxidized phases was carried out via a combined x-PDF, HAADF-
STEM, and ABF-STEM study. A reduction in the volume of the
cell upon delithiation was observed from Li4 to Li0, whereas the
average structure remained that of a rock-salt MnO structure.
The absence of major structural rearrangements upon the
delithiation of Li4 and the short Mn–O distances in Li0
observed by TEM suggest strong hybridization of the TM–
oxygen, suggesting a redox mechanism involving a combination
of manganese and oxygen redox activity.
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