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Nanostructured lithium-manganese-rich nickel-manganese-oxide xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 (0.3� x� 0.6) composite
materials were synthesized via spray pyrolysis using mixed nitrate precursors. All the materials showed a composite
structure consisting of Li2MnO3 (C2/m) and LiNi0.5Mn0.5O2 ðR3mÞ components, and the amount of Li2MnO3-phase
appeared to increase with x, as observed from XRD analysis. These composite materials showed a high-discharge
capacity of about 250 mAhg21. In the range of x considered, the layered 0.5Li2MnO3�0.5LiNi0.5Mn0.5O2 materials dis-
played the highest capacity and superior cycle stability. Nonetheless, voltage suppression from a layered-spinel phase
transition was observed for all the composites produced. This voltage suppression was dependent of the amount of
Li2MnO3 phase present in the composite structure. VC 2013 American Institute of Chemical Engineers AIChE J, 60:

443–450, 2014
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Introduction

Li-ion batteries (LIBs) are becoming attractive and popu-
lar means of energy storage for the transportation sector, due
to their high-energy densities.1,2 A LIB cell consists of an
anode and a cathode, which are normally soaked in an elec-
trolyte, and separated by an electronically nonconductive
membrane. The anode typically consists of graphite-based
materials. The cathode materials are typically lithium metal
oxides with layered, spinel or a polyanion structure.1,2 Of
particular interest in this article are the layered materials, as
one Li per transition metal is intercalatable in LiMO2 (where
M 5 Ni, Mn, Co), allowing these materials to achieve a
high-energy density. The commercialized LiCoO2 is iso-
structural to a-NaFeO2 (R3m symmetry) with the oxygen
atoms in a cubic-close-packed (ccp) arrangement, and this
material displays a good capacity and cycleability.3,4 How-
ever, the cost of Co is high and the thermal runaway of the
LiCoO2 cell can be a safety concern for consumers.5 Alter-
natively, various layered Ni-based or Mn-based lithium
metal oxides have been developed to replace the Co-based
materials.5–8 Unfortunately, stoichiometric LiNiO2 materials
encounter challenges for synthesis due to the disordering of
the Li and Ni ions in the 3(a) and 3(b) sites, respectively,
and this deteriorates battery performance.6 The thermody-
namically stable LiMnO2 has an orthorhombic structure

(Pmnm symmetry), but can convert to spinel structure over
extensive cycles, yielding poor cycle stability.3,4,9,10 Many
optimization studies of synthetic routes and material chemis-
try have been conducted to overcome the negative aspects of
these materials,7,11 and the family of layered Li-Mn-rich
nickel-manganese-cobalt metal oxides (LMRANMC) is one
of the most attractive candidates.12–18

LMRANMC composites have achieved capacities of more
than 250 mAhg21 while maintaining a good structural stabil-
ity.12–15 Recent studies have indicated that the LMRANMC
materials can be considered to be integrated composite of
two layer-structured materials: monoclinic Li2MnO3 (C2/m)
and trigonal LiMO2 (R3m, M 5 Ni, Mn, and/or Co).15,19 The
closed-packed oxygen layers in these two structures are com-
patible, and, therefore, can integrate at the atomic level.19,20

Consequently, the integrated layered-layered composites can
be written as xLi2MnO3�(1-x)LiNiaMnbCo(1-a-b)O2 (where
0< x <1). Monoclinic Li2MnO3 alone is normally consid-
ered to be electrochemically inactive, where the tetravalent
Mn cannot be oxidized upon delithiation within the normal
operation voltage window (lower than 5 V vs. Li/Li1). How-
ever, in the composites, the Li2MnO3 component not only
works as a structural stabilizing agent, but most importantly
can provide anomalous capacities (over 250 mAhg21) after its
electrochemical activation above ca. 4.5 V (vs. Li/Li1).15,21–24

Nonetheless, at the early stage of the development of these
materials, a high capacity over 200 mAhg21 could only be
achieved at very low-current densities (C/20 � C/50) for
bulk materials.12–15 Fortunately, by reducing the primary
particle size and increasing the porosity of the secondary
particles, these composite materials can achieve significantly
higher rate capabilities, making them more suitable for
PHEV (plug-in hybrid electric vehicle) applications.25–27
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Herein, we explore how the Li2MnO3 content affects the
overall performance of the Co-free LMRANMC materials
synthesized via spray pyrolysis. Spray pyrolysis can precisely
control the particle-size distribution, elemental composition,
purity and uniformity of the final product; therefore, it has
been explored extensively in the synthesis of nanostructured
single-phased transition metal oxides and phosphates, e.g.,
LiMn2O4, Li[Ni1/3Co1/3Mn1/3]O2, LiNi0.5Mn1.5O4 and LiFePO4

for Li-ion batteries.28–37 Recently, spray pyrolysis has drawn
attentions in the composite cathode materials synthesis, which
gave outstanding performance.27,38–40 For ease, we adopt the
composite formula xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 in this
article, which can both reflect the Li-Mn concentration and
consequently the amount of Li2MnO3 component in the com-
posite structures. Powders with a range of x values are synthe-
sized, and the physical and electrochemical properties of the
powders are studied and evaluated.

Experimental

A tubular aerosol flow reactor was used to produce the
xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 (0.3� x� 0.6) composite
materials.27 The precursor solution was prepared by
dissolving LiNO3, Mn(NO3)2�4H2O and Ni(NO3)2�6H2O in
stoichiometric proportions in deionized water. The total
molar concentrations of Mn(NO3)2�4H2O and Ni(NO3)2�
6H2O were maintained at 2 mol.L21. The corresponding Li
concentration can be calculated based on the x value in the
xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 composites. The precursor
solution was aerosolized with a one-jet air-assisted nebulizer
(Collison, BGI, Inc.), where fine precursor droplets in the
micron-size range were produced. After aerosolization, the
precursor aerosols were carried by air into a preheater main-
tained at 250

�
C (wall temperature), and then a vertical

ceramic tube furnace heated to 700
�
C. Downstream of the

reactor, the as-produced powder was collected by a mem-
brane filter (Nuclepore track-etched polycarbonate mem-
brane, pore size: 0.2 lm). The particle-size distribution of
the as-synthesized powder was measured with an in-line
electric-low-pressure-impactor (ELPI, DEKATI) at the fur-
nace outlet. The as-produced powders were annealed at
800

�
C for 2 h, followed by slow cooling at 3

�
C min21. X-

ray powder diffraction data was collected with a Rigaku Dif-
fractometer (Geigerflex D-MAX/A) using Cu-Ka radiation
and operated at 35 kV and 35 mA. The scanning range was
from 10 to 80

�
2h with a step size of 0.04

�
s21. The particle

morphology was examined with an FEI Nova 2300 Field
Emission scanning electron microscope (SEM). Inductively-
coupled-plasma mass spectrometry (ICP-MS, Agilent 7500
ce) was performed to confirm the elemental compositions of
the precursor solutions and the powders.

Electrochemical performance of the xLi2MnO3�(1-
x)LiNi0.5Mn0.5O2 (0.3� x� 0.6) powders was evaluated with
2032 coin-type half cells (Hohsen Corp.). To prepare the
cathode, the active material, polyvinylidene fluoride (PVdF)
binder, and Super-P conductive carbon black were blended
at a ratio of 80:10:10 by weight, suspended in N-methyl-2-
pyrrolidene (NMP) and then homogenized to form a slurry
using a Kinematica Polytron homogenizer at a controlled
speed. The resulting slurry was cast on aluminum foil using
the doctor blade technique to form a uniform thin cathode
film. The laminate was dried in a vacuum oven at 130

�
C

overnight, forming a 35 to 50 lm thin film. The cathode was
lightly calendered to improve adhesion. Small, round, cath-
ode discs (diameter 13 mm) were punched out of the dry
laminate for the 2032 coin-type test cells. A pure lithium
foil served as the anode and a 2500 Celgard membrane
served as the separator. The electrolyte was 1M LiPF6 in
ethylene carbonate/diethyl carbonate/dimethyl carbonate
solution (EC:DEC:DMC 5 1:1:1 by volume). The coin cells
were assembled in a high-purity argon-filled glovebox. All
the electrochemical tests were performed at room tempera-
ture, 23

�
C.

Results and Discussion

Elemental and morphology analysis

The compositions of the prepared nitrate precursor solu-
tions were confirmed by ICP-MS before producing powders
with the spray pyrolysis system (Table 1). The process tem-
peratures were low (700

�
C in the reactor and 800

�
C for post-

annealing) and the annealing times were short, suggesting
that Li-loss due to evaporation would be negligible. To vali-
date this assumption, the as-produced powder (x 5 0.5) was
digested in concentrated nitric acid and hydrochloric acid
solution, and was further diluted to a “ppb” level for ICP-
MS analysis. As shown in Table 2, the stoichiometry of the
powders before and after annealing was well-preserved.
Hence, the synthetic route used in this study to produce the
composite materials has advantages over synthesis by co-
precipitation. In the latter the Li stoichiometry and conse-
quently the electrochemical properties, are highly dependent
on oxidation states of the transition metals in the hydroxide
or carbonate precursors (oxidation would occur in air), and
the amount of Li loss during the high-temperature calcina-
tion process.41–44 For example, M(OH)2 (where M 5 Mn, Ni
or Co) can be oxidized into transition metal oxides (e.g.,
Mn3O4) or oxyhydroxides (M(OOH)) such that excess Li is
often applied during the post-lithiation process to compen-
sate for Li loss due to evaporation.42–44

A typical particle-size distribution of the as-synthesized
0.5Li2MnO3�0.5LiNi0.5Mn0.5O2 powders (secondary particles),

Table 1. ICP-MS Analysis of xLi2MnO3�(1-x)LiNi0.5Mn0.5O2

Precursor Solutions

Li2MnO3 LiMn0.5Ni0.5O2

Target
stoichiometry

As-measured by
ICP-MS

x (1-x) Li Ni Mn Li Ni Mn

0.3 0.7 1.13 0.30 0.57 1.09 0.28 0.52
0.4 0.6 1.17 0.25 0.58 1.13 0.25 0.55
0.5 0.5 1.20 0.20 0.60 1.21 0.20 0.60
0.6 0.4 1.23 0.15 0.62 1.34 0.16 0.64

Table 2. ICP-MS Analysis of xLi2MnO3�
(1-x)LiNi0.5Mn0.5O2 (x 5 0.5) Powders Subjected

to Different Heat Treatments.

Sample

Normalized Elemental
Composition

Li Ni Mn

Stoichiometric Values 1.20 0.2 0.6
As-synthesized

(non-annealed)
1.22 0.2 0.6

800�C for 2 hr 1.24 0.2 0.6
800�C for 10 hr 1.24 0.2 0.6
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as measured by the ELPI, is shown in Figure 1. The particles
display a lognormal distribution with a geometric standard
derivation of ca. 1.46. The geometric mean diameter of this
powder was ca. 0.74 lm. The largest particles measured were
about 10 lm in diameter, which is two-orders of magnitude
larger than the smallest detected particles (ca. 100 nm). In
this regard, the powder is considered poly-dispersed. This
particle-size distribution displays the smallest d50 reported in
the literature for this type of spherical composite materials.
Comparing this powder to those from traditional synthesis
processes, e.g., coprecipitation, the mean size of the second-
ary particle from this process is roughly one order of magni-
tude lower.

The SEM micrographs (Figure 2) indicate that the second-
ary particles are spherical in shape, highly porous and in the
nano- to micron-size range. Moreover, as x increases the pri-
mary particle size increases and the surface is coarsened for
the same heat treatment. Hence, the ratio of Li2MnO3 to
LiNi0.5Mn0.5O2, in other words, the Li and Mn content in
the composite materials, had a significant effect on the sin-
tering/coarsening process of the powders, and, consequently,
the primary particle sizes. This trend was also observed in
the synthesis of Li(11x)Ni0.25Mn0.75O(2.251x/2) via the copreci-

pitation process, in that a higher Li concentration produced
more coarsened secondary particles with larger primary par-
ticles under the same heat treatment conditions.26 It is
expected that a higher Li and Mn concentration could reduce
the sintering temperature of the composition materials, which
facilitates the coarsening of the primary particles.

Crystallographic analysis

The XRD patterns of the as-produced xLi2MnO3�
(1-x)LiNi0.5Mn0.5O2 (0.3� x� 0.6) powders (collected at the
reactor outlet) are shown in Figure 3a. The XRD patterns of
the as-produced powders are almost identical. The XRD
peaks are very broad due to the ultrafine crystallite size.
Nonetheless, these XRD patterns can be indexed to either a
rock-salt type layered LiNiO2 (R3m) or spinel LiNi0.5

Mn1.5O4 (Fd3m) structure. However, the superlattice peaks
from the Li2MnO3 component are not detectable in the as-
produced powder. After annealing at 800

�
C for 2 h, the

materials adopted a rhombohedral R3m symmetry, as seen in
Figure 3b. All the XRD patterns of these materials show a
broad peak between 20 and 25

�
(2h), indicating the presence

of the Li2MnO3-type structure (C2/m symmetry).25,26 The
magnitude of the Li2MnO3-type Bragg peaks increases with
the amount of Li2MnO3 (x value) in the composite materials.
Herein, the xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 is considered a
composite material with two compatible layered structures
integrated together. The Li2MnO3-type structure is expected
to be important for maintaining structural stability, and, con-
sequently, the electrochemical properties of the composite
material.15,18,19,45 It also can be seen that the (108) and
(110) peaks near 65� (2h) start to split as the x value
increases due to the growing of the parent hexagonal cells
with R3m space group and formation of a more well-defined
layered structure.16,46

The Scherrer formula was applied to estimate the average
grain size of the as-synthesized and the annealed powders
based on the FWHM of the (104) peak near 45

�
(2h). These

materials are nanometric-grain powders, and after annealing
the grain size almost doubles from ca. 10 nm to over 20 nm
for all powders (Figure 3c). For the same synthesis and heat-
treatment conditions, a linear relationship between grain size
and x is also observed, as shown in the supporting materials.
Therefore, a high Li2MnO3 content or, in another words, a
high Li and Mn content facilitates the sintering/coarsening
rate of the powders. The increase in the grain size can also
lead to an increase in the primary particle size, which is con-
sistent with SEM observations discussed earlier.

Electrochemical performance

Figure 4 shows the initial charge/discharge curves for the
Li/xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 (0.3� x� 0.6) cells tested
at a constant current density of 11.5 mAg21 (equivalent to
C/10, 1C 5 230 mAg21) at room temperature. In the first
cycle, all four half cells showed a two-step charge profile
and a smooth discharge profile between 2.0 and 4.9 V. This
voltage shape is consistent with the electrochemical charac-
teristics of xLi2MnO3�(1-x)LiNi0.5Mn0.5O2.15,23 In the first
cycle, the voltage slowly climbs from 3.5 V to 4.5 V due to
the Ni21/Ni41 redox couple during the extraction of Li.15,23

At ca. 4.5 V, a voltage plateau appears, which is attributed
to the simultaneous removal of Li and O from the Li2MnO3

component irreversibly. The net loss in the two-step Li-
extraction reactions is believed to be Li2O from Li2MnO3,

Figure 1. A typical particle-size distribution (a) and
SEM photograph of the as-synthesized
(nonannealed) xLi2MnO3�(1-x)LiNi0.5Mn0.5O2

(x 5 0.5) composite material (b).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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after which the electrochemically active MnO2 component is
produced, according to early experimental observations.15,23

The length of the 4.5 V plateau is elongated with x, and the
capacity from the Ni21/Ni41 redox couple decreases accord-
ingly. It is because the Li2MnO3 component increased with x
that a longer electrochemical activation is required. During
the discharge process, Li can be reinserted into the tetrahe-
dral interstitial sites in MnO2, forming LiMnO2 (Mn41 to
Mn31). For this reason, the discharge of the xMnO2�(1-x)
Ni0.5Mn0.5O2 electrodes from ca. 4.6 V to 2.0 V is expected
to involve three steps: (1) Ni41/Ni31 redox couple above
3.9 V; (2) Ni31/Ni21 between 3.9 and 3.5 V, and (3) Mn41/
Mn31 forming LiMnO2 between 3.5 and 2.9 V.13,15 As the
initial activation process involving the oxygen loss reactions
in the Li2MnO3 component is an irreversible process, the
discharge capacity of this type of materials is always notice-
ably less than the initial charge capacity with a low initial
coulombic efficiency.12,15,27,45 From the discharge profiles,
we can also see that the materials with lower x have a higher
working potential, which is due to the higher Ni content in
these materials.

Nonetheless, the coulombic efficiency of these composites
varies with the amount of Li2MnO3 in the structure. Assum-
ing that all of the Li is extracted from the Li2MnO3 compo-
nent, the calculated coulombic efficiency would drop linearly
with x, because MnO2 (fully delithiated Li2MnO3 product)
would take up to one Li per transition metal Mn. Thus, on
discharge, half of the Li in Li2MnO3 cannot be intercalated
reversibly thereafter. The calculated coulombic efficiency for
the first cycle is ca. 77% and 62% for x 5 0.3 and x 5 0.6,

respectively. The composite electrode with x 5 0.5 attained a
coulombic efficiency of ca. 80% in the first cycle, which
was the highest among the composite materials in this study.
Moreover, the composite with an equal amount of Li2MnO3

and LiNi0.5Mn0.5O2 displays the highest discharge capacity
(over 270 mAhg21) for the first discharge at the 11.5
mAg21 rate. From this analysis, it can be concluded that the
electrochemical performance of these composites cannot be
simply considered as a summation of the two individual
components and the composite structure may have structural
properties that affect the overall battery performance.

Figure 5 shows the cycle performance and corresponding
coulombic efficiencies of the xLi2MnO3�(1-x)LiNi0.5Mn0.5O2

(0.3� x� 0.6) half-cells at a current density of 23 mAg21

(C/10 rate) between 2.0 and 4.8 V. For x� 0.5, the materials
have better cycle stability and efficiency (>98.5%) than
those for x< 0.5 (<98%), possibly due to the presence of
high concentrations of the Li2MnO3-type component stabiliz-
ing the structure.15,19 Additionally, the primary particle size
of the high x material is also higher than that of the others,
as observed in the SEM images (Figure 2), thus, the side
reactions (dissolution of active species and reactions with the
electrolyte) can be minimized. With equal amounts of
Li2MnO3 and LiNi0.5Mn0.5O2 phases, the composite material
yields a superior cycleability and capacity: ca. 225 mAhg21

after 35 cycles. In contrast, the other composite materials
(x 5 0.3, 0.4 and 0.6) can only attain a capacity of ca. 200
mAhg21.

The differential capacity dQ/dV plots of the composite
half-cells display a sharp peak above 4.5 V during the first

Figure 2. SEM images of the annealed xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 (0.3� x�0.6) powders synthesized via spray
pyrolysis (a) x 5 0.3, (b) x 5 0.4, (c) x 5 0.5, and (d) x 5 0.6.
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charge, owing to electrochemical activation of the Li2MnO3

component, as seen in Figure 6. The specific capacity (Q)
with respect to the voltage (V) is given by dQ/dV � DQ/

Figure 3. XRD patterns of nanostructured xLi2MnO3�(1-
x)LiNi0.5Mn0.5O2 (0.3� x�0.6) powders syn-
thesized via spray pyrolysis (a) as-produced
(nonannealed) materials, (b) annealed materi-
als (800

�
C for 2 h), and (c) average crystallite

size calculated by Scherrer formula using the
(104) peak.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Initial charge-discharge voltage profile vs.
capacity of Li/xLi2MnO3�(1-x)LiNi0.5Mn0.5O2

(0.3� x� 0.6) half cells.

The current density was 11.5 mAg21, with a cut-off

voltage between 2.0 and 4.9 V. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5. (a) Cycling performance of Li/xLi2MnO3�(1-
x)LiNi0.5Mn0.5O2 (0.3� x�0.6), (b) Coulombic
efficiency of the cell at each cycle.

The current density was 23 mAg21 in the voltage win-

dow between 2.0 and 4.8 V. [Color figure can be viewed

in the online issue, which is available at

wileyonlinelibrary.com.]
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DV 5 iDt/DV, where i is the current density (mAg21), t is
time (s) and DV is normally 10 mV during the calculation.
As x is increased, the Ni content in the structure decreases
and the peak intensity between 3.5 V and 4.5 V from
Ni21/31/41 redox reactions is broadening and diminishing on
both first charge and discharge, consistent with our earlier
discussion. In contrast, the peak near 3.2 V on the first dis-
charge, which is due to the redox of Mn31/41, increases with
x, and is much more pronounced than the redox peak near
3.7 V for x 5 0.5 or 0.6. This implies a high activity of
Li2MnO3 component in these two composites. Consequently,
a low-average working potential is attained. It is believed
that at very high Mn concentration, a spinel phase may form
during heat treatment.47

Nevertheless, the voltage profile of these composite mate-
rials appeared to be evolving during cycles, which is a func-
tion of the amount of Li2MnO3 content (x values), as seen
on the dQ/dV curves at the 30th cycles (as compared to
those of the first cycle). Two broad peaks near 3.1 V and 2.8
V, on charge and discharge, respectively, emerge, which are
absent for the fresh cells. This suggests that a layered-spinel
phase transition may have occurred over cycling, which
changes the cell voltage profiles, depicted as a voltage decay
phenomenon.45 The spinel phase formation is facilitated by
the migration of transition metal cations into the Li layer at
a low Li content or at a high state-of-charge.48,49 This spinel
phase initially nucleates in the bulk and on the surface which

slowly propagate throughout the grains of both R3m and
C2/m phases in the composite structure.49 Therefore, the
voltage continues to evolve over cycling. This phase transi-
tion is more severe at high Li and Mn concentrations (more
Li2MnO3 phase), as the 3.1 V dQ/dV peak becomes more
pronounced with x. In other words, a reduction in the
Li2MnO3 (C2/m) phase reduces the voltage decay of the
composite materials. Consequently, the composites need fur-
ther optimization in the chemistry and morphology to
enhance structure stability and to avoid an undesired phase
transformation.

Conclusions

Nanostructured xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 (0.3� x� 0.6)
high-energy cathode materials were synthesized via a facile
spray pyrolysis process. All the composite powders produced
were spherical in shape and submicron in size. These materi-
als overall adopted a rock-salt type structure (R3m). A
Li2MnO3-type phase was also observed for the composite
material on the XRD pattern, and its intensity increased with x.
All of the composites attained a capacity of ca. 250 mAhg21

at the C/10 rates. 0.5Li2MnO3�0.5LiNi0.5Mn0.5O2 attained the
best cycling stability, while an increase in fraction of either
the Li2MnO3 or LiNi0.5Mn0.5O2 phase lead to a drop in
cycleability. Despite the high-attainable capacities, a layered-
spinel phase transition occurs, leading to voltage decay. The

Figure 6. The dQ/dV curves of the Li/xLi2MnO3�(1-x)LiNi0.5Mn0.5O2 (0.3� x� 0.6) half cells for the initial cycle (open
circle) and the 30th cycle (open triangle). “S” indicates the presence of the spinel phase.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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voltage decay was more significant for the composites with
higher Mn content (or Li2MnO3). In particular, 0.3Li2M-
nO3�0.7LiNi0.5Mn0.5O2 from spray pyrolysis shows improved
voltage stability and a higher discharge voltage due to the
high Ni content. Further material optimization needs to be
pursued to stabilize the structure, and, consequently, improve
the cycle performance and voltage profile stability.
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