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Abstract

Lithium manganese spinel (LiMn,0,) is considered a promising cathode material for lithium-ion batteries (LIBs). Its structure,
morphology, and electrochemical performances are strongly connected to the precursors, synthesis route, and heat treatment;
hence, by optimizing the synthesis procedure, improved materials can be obtained. Recently investigated routes focus on the
synthesis of enhanced LiMn,O, spinel, with uniform morphology, high crystallinity, which can deliver large discharge capacity
at high rates for a longer period of time. Also, the synthesis procedure must be easily applicable on industrial scale, not just for
pilot and laboratory investigations. In the current study, main synthesis procedures (solid-state reactions, sol-gel, hydrothermal
reactions, combustion method plus several newly employed methods) used for obtaining lithium manganese oxide, along with its
electrochemical effectiveness, are described. Among the considered synthesis methods, some of the best electrochemical per-
formances are recorded for lithium manganese oxide obtained by sol-gel process and hydrothermal method. Even though solid-
state reaction method is a simple and has few stages, particle crystallinity and size are more difficult to control, while sol-gel and
hydrothermal method provides more evenly sized particles. Also, the latter two syntheses do not need very high calcination
temperatures like in the samples obtained by solid-state reactions method. Lithium manganese spinel with uniform spherical and
octahedral particles delivered the highest initial discharge capacities and has the ability to retain most of the capacity during the
charge—discharge cycles.
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Introduction

Late developments in the field of new portable devices
(laptops, smartphones, and digital cameras) and new elec-
trical powered vehicles (hybrid electric cars, electric bicy-
cles, electric scooter, and skateboards) demanded suitable
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power sources to meet their energy requirements. Thus, it
was found out that Li-ion batteries (LIBs) provide the de-
sired energy amount for the new devices and vehicles [1, 2].
Compared to conventional second-type batteries (lead-acid
battery, Ni-MH or Ni-Cd batteries), LIBs provide superior
energy density, longer life cycles, and higher operational
voltage (in the range of 4 V) [3—5]. The functioning princi-
ple of Li-ion batteries is based on the intercalation of lith-
ium ion from cathode material into graphitic anodic matrix
during the cell’s charging, while the electrons pass to anode
matrix for tying up the Li*. When the cell’s discharge takes
place, an opposite process occurs; Li ions pass the electro-
lyte solution, back to cathode material, while electrons are
released into cell’s external circuit [6, 7]. In 1980, J. B.
Goodenough proposed the first suitable intercalation cath-
ode material for a Li-ion battery and different material clas-
ses were studied since then: layered (lithium cobalt oxide,
LiCo00O,, and lithium nickel oxide, LiNiO,), spinel (lithium
manganese oxide, LiMnO,), and olivine (lithium iron phos-
phate, LiFePO,) compounds, respectively [8—10].
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Cathode materials for Li-ion batteries

LiCoO, (LCO) is the most commercialized cathode material
since the launching of Sony’s Li-ion battery, back in 1991 [11].
Regarding the theoretical capacity of the abovementioned oxidic
materials, LiCoO, and LiNiO, possess the highest theoretical
capacity, 274 mAh g ' and 275 mAh g, respectively [12, 13].
The practical capacity provided by lithium cobalt oxide is half of
its theoretical capacity, due to the impossibility to cycle more
than 50% of Li ions without affecting the structure [5, 14].
Other drawbacks related to this cathode material are environmen-
tal toxicity cause by cobalt’s presence and limited availability of
raw materials which leads to high manufacture costs [15].

Although LiNiO, (LNO) was taken in consideration as an
alternative for LiCoO, because of its high theoretical capacity
(~275 mAh g "), plenty raw materials, its electrochemical
performance is hindered by structure’s instability, blocked
lithium diffusion paths by Ni**, and difficult synthesis routes
for obtaining compounds with good stoichiometry [16, 17].
Thus, the availability of Li-ion batteries with LiNiO, cathode
is non-existent.

Having a theoretical capacity of 170 mAh g ™', good ther-
mal stability, and sufficient raw materials, LiFePO, (LFP) is
considered a suitable cathode material for nowadays Li-ion
batteries for portable devices and hybrid electric vehicles
(hEV). Unfortunately, the pristine LiFePO, suffers from slow
kinetics due to electronic and ionic conductivity [18, 19].

LiMn,0,4 (LMO) is regarded as a capable cathode material
for Li-ion batteries designed for electric vehicles, despite the
fact that it can deliver a theoretical capacity of only
148 mAh g ' [20]. In comparison to other cathode materials,
LMO’s advantages are related to low production cost, envi-
ronmental friendliness, easy synthesis methods, and high rate
capability [11, 21]. The main drawbacks of LMO are linked to
relatively low practical achievable capacity (up to
135 mAh g ' for the pristine sample [17, 22], but in certain
synthesis condition, a capacity of 146 mAh g~ ' can be
achieved [23]) and capacity fading during long cycling tests
because of:

(1) Dissolution of Mn** ions in the organic electrolyte dur-
ing cycling, through the disproportionate reaction of.

2Mn** — Mn** + Mm?* [1, 24-26]

(2) Structural Jahn—Teller distortion in the discharge state
[26-28];

(3) The appearance of oxygen defects (during cycling at
high potential values or after the spinel’s synthesis at
high temperatures) [26, 29, 30].

The current research provides an overview of synthesis
methods used in LMO’s fabrication and the electrochemical
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performances of LMO-based cathodes, over the last 11 years.
An intensive literature review has been made, based on the
information from Thomson Reuters’s Web of Science
(accessed on May 28, 2019). The graph from Fig. 1 was real-
ized taken in consideration the publications where pristine,
doped, and surface-coated LMO [11, 26, 31-35] were synthe-
sized or where commercial LiMn,0,4 was successfully used as
cathode material. Also, other studies related to lithium ion
batteries with LMO cathode and new synthesized anode ma-
terial [36, 37] or numerical models of Li-ion batteries with
lithium manganese oxide were studied [38, 39]. In addition,
articles where LMO was part of blended cathode materials
[40—42] and precursor for the synthesis of more complex ox-
ides [43] were taken in consideration. The graph from Fig. 1
depicts a relative constant interest in developing improved
intercalation compounds based on lithium manganese oxide
in the last years.

While lithium cobalt oxide and lithium iron phosphate ex-
hibit a layered structured and an olivine type structure, respec-
tively, lithium manganese oxide presents a spinel crystallo-
graphic structure. Lithium manganese oxide’s structure [44]
belongs to Fd3m space group [45—47]. In a typical spinel
structure with general formula A[B,]X, (in this particular
case, A corresponds to Li, B to manganese and X to oxygen),
the lithium ions are located in 8a tetrahedral sites, manganese
occupies 16d octahedral sites, while oxygen ions are place in
32e sites, resulting in a close-cubic package (ccp) array [48,
49] (Fig. 2). A diamond-shaped framework is formed by the
[MnOg]*~ octahedral, which provides a 3D diffusion path for
lithium ions, during the material’s cycling [45, 46]. In com-
parison with LMO spinel, the layered intercalation com-
pounds LiCoO, and LiNiO, furnish a 2D diffusion path, while
olivine LiFePO, provides 1D lithium diffusion path [19, 50,
51]. Recently, LiMn,O, spinel with 1D hollow structure was
synthesized by Yang et al. [52] by single-spinneret
electrospinning. The main advantages of this 1D structure
consist in providing a high surface area, low risk of unit cell
changing during the lithium ion intercalation/deintercalation
processes, and more diffusion paths for Li* [52, 53].

Heat treatment is very important for obtaining the spinel
structure through any synthesis method, because spinel struc-
ture demands higher calcination temperature and longer heat
treatment duration than layered compounds (LiMnO,). This
aspect is related to the larger space between tetrahedral
[MnOg] inside the layered LiMnO,, which can easily accom-
modate hydrated cations, while in the spinel structure, the
paths inside the 3D framework are narrower [55].

Lithium manganese oxide’s stoichiometry (Li,Mn,0O,)
must be carefully controlled. Li,Mn,0, exhibits a cubic struc-
ture, when 0 < x < 1, and when a larger amount of lithium ions
are inserted, a structure change with increased volume of the
unit cell occurs, also known as Jahn—Teller distortion.
Tetragonal Li; , Mn,0O,4 performs badly, showing a lower
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Fig. 1 Significant LMO articles
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discharge plateau, in the range of 3 V, while cubic spinel
presents a two-stage discharge plateau at a higher potential
of 4.1 and 4 V, respectively [56, 57].

Electrochemical behavior of LiMn,0, cathode
material

In a battery which employs LMO spinel as cathode material,
the lithium intercalation/deintercalation processes take place
in two stages during battery charging and discharging, not as
in one stage as for other cathode materials (LCO, LNO, LFP)
[58-60]. Throughout battery’s charging, half of lithium ions,
between which Li-Li interactions exist, are extracted from its
8a tetrahedral sites, followed by the deintercalation of the
other half of Li-Li, which do not have Li-Li in its nearby area
[61]. The removed Li* are then inserted into anodic graphitic
matrix, through a two-stage electrochemical process, which
can be illustrated by the following two transformation reac-
tions (Eqgs. 1 and 2 respectively) [62, 63]. The first stage,
which typically occurs at a voltage plateau of ~4 'V, is attrib-
uted to the single phase reaction (Eq. 1) and while the second

Fig. 2 Spinel structure of LiMn,04 [54]

Studied period (2008-2019)

step (around 4.1 V) is associated to the two phase single reac-
tion (Eq. 2) [64]. During discharge, a reverse similar process
takes place and Li* are inserted back into spinel structure. This
two-step process is well-explained through cyclic voltamme-
try. Each of those two pairs of peaks is attributed to one stage
of the two-electrochemical charge—discharge processes of
LiMn,0y4 [60, 65] [60, 63].

LiMn,04—Li;,Mn,0y4 + x0.5Li*

+x0.5¢  (x< 0.5) (1)

Lilfon204—>2Mn02 + (l—x)Li+
+ (I=x)0.5¢” (x> 0.5) (2)

The LMO’s electrochemical behavior during cell’s
functioning is valid in both organic electrolyte solution
(1 M LiPF¢ in EC:DMC (1/1 v/v)) and aqueous electro-
lyte solution (1 M Li,SO,4) [66]. Li-ion batteries with
organic electrolyte are efficient rechargeable batteries,
with high operating potential, good average number of
cycles, and high-energy density [67, 68]. However, high
manufacture cost, need of expensive assembling installa-
tions, and flammable organic electrolytes determined a
search for alternatives [67, 69]. J. R. Dahn et al. [70]
suggested the replacement of the hazardous organic elec-
trolytes with aqueous electrolytes. In this case, a cheaper
lithium salt (e.g., LiNO;3, Li,SO,) is dissolved in water
to obtain the electrolyte. Alias and Mohamad demon-
strated, through an extensive study, the advantages of
aqueous electrolyte solutions over organic electrolytes,
by analyzing a series of indicators like cost assessment,
safety concerns, electrolytes’ ionic conductivity, and rate
capability. Furthermore, characteristics of possible elec-
trode materials for aqueous rechargeable lithium-ion bat-
teries (ARLB) have been compared, taking in consider-
ation aspects like crystal structure, morphologies, and
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metal ions dissolution into the electrolyte, due to its large
stability potential window in aqueous electrolytes (see
Fig. 3). LiMn,0O, is regarded as an applicable cathode
material for ARLB. Despite the advantages of aqueous
electrolytes, there is still a long way until proper ARLB
would be developed to satisfy the energy demand in
practical applications [67].

In the following section of the current paper, the character-
istics and parameters of the main synthesis methods for
obtaining pristine LiMn,0,4 have been discussed. Bare lithium
manganese oxide can be manufactured through conventional
methods like solid-state reactions (SSR) [71], sol-gel process
(SGP) [3, 72], combustion method (CM), precipitation
methods (PM) [11, 73], hydrothermal reactions (HR)
[74-76], and spray-pyrolysis (SP) [77]. Also, new emerging
synthesis methods like electrospinning [52, 78], template
based syntheses [57, 79, 80], freeze-drying method [81], or
polyalcohol assisted ion implanted method [82] have been
briefly reviewed.

Synthesis method for pristine LiMn,0,

Solid-state reactions method is widely used as the main syn-
thesis method for obtaining LiMn,O,, because it is a facile
process and can be easily applied to industrial scale [83].
However, the main drawbacks, like poor crystallinity of the
material, non-uniform particle size, and high-energy con-
sumption, forced the researchers to look for other more effi-
cient routes for the synthesis of LiMn,0O4. Among the other
investigated synthesis methods, sol-gel is intensive studied
due to its advantages over the conventional solid-state meth-
od: samples of higher crystallinity, shorter heat treatment, and
lower energy consumption. Sol-gel technique is not the only
alternative synthesis method; other processes like combustion
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method, co-precipitation method, hydrothermal reactions, or
spray-pyrolysis were successfully used to obtain high-
performance LMO spinel.

A brief comparison between the main synthesis processes
for obtaining LiMn,0Oy, is described in the Table 1.

SSR

In spite of the disadvantages mentioned above, solid-state re-
actions method is suited to be applied at industrial scale.
Currently, SSR is used to obtain pristine Li,Mn,O,4 powder,
which is further improved by different novel protective coat-
ings [89, 90].

The most common reagents for obtaining lithium manga-
nese oxide by a solid-state process are manganese dioxide
(MnO,) and lithium hydroxide monohydrate (LiOH-H,O) or
lithium carbonate (Li,CO;3) [31, 91]. A possible chemical
mechanism for SSR using MnO, and LiOH-H,O as starting
materials was described in details by Wang et al. [92].

The most important stages in a solid-state reactions process
are the precursors mixing and the heat treatment. In a conven-
tional synthesis, the precursors are ball-milled for a certain
amount of time, usually, in the presence of ethanol [93]
(Fig. 4). A comparative study on the ball milling effect upon
the physical and electrochemical properties of LiMn,O4 was
made by Wei et al. [84]. During the mixing operation, the
precursors were milled for different time intervals (0, 2, 4, 6,
and 8 h respectively). The best electrochemical characteristics
were recorded for the sample milled for 6 h: 129.3 mAh g™
(initial discharge capacity; 0.5 C) and a capacity loss of only
5.05% after 30 cycles. The spinel’s stability has been tested by
immersing the samples in electrolyte solution and measuring
the Mn®* concentration. It has been established that the lowest
Mn ion (II) concentration was for the sample whose precur-
sors were milled for 6 h.
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Fig. 3 Pourbaix diagram of lithium manganese oxide’s stability in aqueous electrolyte [67] (reused with permission from Elsevier)
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Table 1 A comparison of the

Disadvantages

-Simple process with few stages
-Applicable at industrial scale

-Homogenous mixing of the

-Relative shorter heat treatment
-Lower synthesis temperature
-Uniform particle distribution

-High-surface area materials

-Lack of additional calcination

synthesized material [83]

-Lower synthesis temperature

-Lower energy consumption

-Non-uniform particle distribution

-Highly uncontrollable particle size

-Possible non-uniform mixing of the reagents
-High synthesis temperature

-Long calcination period

-High-energy consumption [19, 52, 84]
-Hard to be employed at industrial scale

-Large quantities of precursors used in order to obtain
the desired oxide amount

-High amount of gaseous compounds

-Expensive precursors

-Possible particles agglomeration [85]

-Large particle distribution range [86]

-Expensive synthesis equipment [85]

-Low deposition rate

-Waste of precursor solution [85]

The morphologic characteristics of synthesized spinel have

main synthesis routes for Synthesis method ~ Advantages
obtaining LiMn,Oy,
Solid-state
reactions
Sol-gel process
reagents
-Improved crystallinity
[20]
Combustion
method -Shorter heat treatment
stages [48]
(Co-)precipitation  -High crystallinity of the
method
Hydrothermal -Facile synthesis route
reactions -High reaction yield [86]
[87]
Spray-pyrolysis -High purity products
-Short reaction time
-Improved elimination of
organic parts
-Improved particle size
control [77, 88]
MnO, LiOH-H,0

- ~
Grinding(in ethanol)
. J
e 1 3
Drying

|

Pre-calcination
(500 °C, 6h)

l

Sintering(850 °C,
18h)

Fig. 4 Schematic representation of solid-state reactions method based of
the data from ref. [93]

an important influence upon the electrochemical performance
of the material. Over the years, scientists obtained, studied,
and characterized different spinel’s morphologies. One of the
morphologies implied the formation of hollow spinel nano-
structures [94-97]. Among the advantages of hollow mor-
phology are smaller diffusion paths for lithium ions, improved
host structure with better performances during charge/
discharge cycles, and higher specific surface [94, 97].
Hollow LMO nanotubes for hybrid capacitors were synthe-
sized through a SSR using LiOH-H,O and as-prepared MnO,-
coated porous carbon nanofibers (PCNFs) [94] (Fig. 5). The
MnO,-coated carbon nanofibers were obtained through a two-
stage synthesis, electrospinning and direct redox reaction. The
time for the latter stage is crucial, because a short reaction time
(10 min) leads to nanotubes fracture into nanoparticles, while
a longer time (60 min) conducts to LMO formation along with
Mn;0, impurities, which hindered the spinel’s performance
during electrochemical tests. During the heat treatment,
PCNFs ignition led to formation of LMO nanotubes, with
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Fig. 5 a FESEM image and b
TEM image of hollow LMO
nanotubes obtained through SSR
[94] (reused with permission from
Elsevier)

holes’ diameters between 210 and 231 nm and an average
shell thickness of 136.85 nm. The initial discharge capacities
for samples with the redox reaction time of 10, 30, and 60 min
were 51.8, 73.5, and 60.1 mAh g ', respectively. The capacity
for the samples with 30 min’ redox reaction time is higher than
the other samples due to shorter Li* diffusion paths character-
istic to hollow nanotubes. All the synthesized samples deliv-
ered at least 90.0% of initial discharge capacities, after a num-
ber of 100 cycles (discharge rate of 1 C).

Mao et al. [95] synthesized LMO hollow microspheres (h-
LMO) (see Fig. 6) with average diameters of 200300 nm, by
a modified solid-state reactions method. In order to compare
the advantages of the modified SSR, pristine LMO (n-LMO)
has been synthesized by conventional SSR process. N-LMO
and h-LMO electrochemically tested, and it was noticed that
the initial discharge capacity was higher for the latter
(115.8 mAh g '). The first coulombic efficiency, for both
samples, was below 90% due to possible side reactions and
formation of the SEI layer. The hollow spheres not only pre-
sented a higher discharge capacity but also performed better
when the electrode was cycled for 100 times (0.5 C), and only
16.8% capacity loss was recorded.

Kozawa et al. [96] studied the atmosphere influence upon
the growth and morphology of LMO samples, using air and
water-vapor atmosphere, respectively. LiOH-impregnated
MnCOj; spheres manufactured through a co-precipitation
method were considered as precursors for LiMn,04. High
crystalline phases were obtained for the samples calcined be-
tween 600 and 800 °C. The temperature along with the calci-
nation atmosphere played an important role for the obtained
morphologies of the spinels. While compact large LMO

Fig. 6 a—c SEM images of
hollow microspheres synthesized
by Mao et al. [95] (reused with
permission from Elsevier)
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particles were noticed for the sample calcined at 600 °C in
water vapor, the LMO calcined at 800 °C and in atmosphere,
exhibited hollow structures, which suggested that the particle
development was mainly on the surface, while in the case of
water vapor atmosphere, the particles grew both inside and on
the surface.

Among the studied morphologies, there are the LMO nano-
rods. Using as-synthesized y-MnOOH nanorods and LiOH-
H,O as precursors, Zhao et al. [98] synthesized LiMn,O,
nanorods through a facile and cost efficient SSR method
(see Fig. 7). The manganese precursor (Yy-MnOOH
nanorods) was prepared by a HR, which implied the addition
of anhydrous alcohol (CH3;CH,OH). Low volume of alcohol,
improved the KMnO, reduction to Mn**, which easily oxi-
dized to Mn>* because of oxygen presence, during the reac-
tion time. As a result of solution alkalization through KOH
releasing, the MnOOH was obtained in the solution and sub-
sequent, via oxidation, Y-MnOOH nanorods formed. A higher
amount of anhydrous alcohol provided a more powerful re-
duction media, which led to the obtaining of unstable y-
MnOOH and which soon became Mn3;0, (fact proven by
XRD pattern). Several sintering temperatures in the range of
600-750 °C were studied. Well-shaped LMO nanorods were
obtained at a temperature of 700 °C, and with the temperature
increasing, the rod slightly shortened. The electrochemical
tests of LMO showed the best cyclic performance for the
nanorods sintered at 700 °C, with an initial discharge capacity
of 128.7 mAh g ' and a capacity retention of 89.5% after
30 cycles (1 C discharge rate). Electrochemical impedance
spectra (EIS) were recorded for the sample calcined at 650,
700, and 750 °C, respectively; the lowest charge transfer
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Fig.7 a SEM and b TEM images
of LiMn,0O,4 nanorods
synthesized by solid-state reac-
tion [98] (reused with permission
from Elsevier)

resistance (R.) was calculated for the sample sintered at
700 °C (95.73 Q) resulting in a lower charge—transfer resis-
tance which facilitates good lithium ions diffusion.

LMO nanorods have been obtained by mixing (3-MnO,
nanorods and LiOH-H,O) in pure ethanol, followed by a two
stage heat treatment: pre-heating at 300 °C for 4 h and calcination
at 750 °C for 24 h. The performance of LMO nanorods has been
compared with the lithium manganese oxide synthesized
employing MnO, precursors, without any specific morphology.
LMO nanorods exhibited better electrochemical characteristics,
by showing a discharge capacity of 119.6 mAh g ' in the first
cycle and retaining 86.2% of it after 100 cycles [99].

SSR is a high-energy consumptive synthesis method,
which employs long and high-temperature calcination periods
in order to obtain materials with improved electrochemical
properties; thus, many research groups suggested different
SSR methods, with one or two calcination stages, in inert or
air atmosphere [100—102]. The heat treatment and main elec-
trochemical parameters of the obtained LMO are indexed in
Table 2. The most used manganese precursor is MnO,, in
different polymorphic state («, (3, and y, respectively) [23,
102, 103]. As a lithium source, lithium carbonate [104] or
lithium hydroxide [105] can be employed. Among the
indexed synthesis procedures, there are several cases when
the LiMn,0O,4 was tested in aqueous or hybrid aqueous elec-
trolyte solutions which contained salts like LiClO4 [106],
LiNO; [107], Li,SO4 [100, 103], or a mixture of lithium and
zinc acetates [ 108], respectively. In the other indexed cases, an
electrolyte solution of LiPFg dissolved in a mixture of organic
solvents (ethylene carbonate (EC) and dimethyl carbonate
(DMQ)) has been used.

Lithium manganese oxide obtained by simple solid-state
reactions managed to deliver an average discharge capacity
of about 120 mAh g ' and managed to maintain at least
75% of the initial capacity after medium cycling tests (100 cy-
cles). However, in several exceptional cases, extremely low or
no capacity fading [23] has been calculated. Also, the LMO’s
morphology played an essential role in its amazing electro-
chemical performance at high discharge rates (4.5 C) in aque-
ous electrolyte, when the capacity retention was 88% after
1200 cycling.

Sol-gel process

Sol-gel is one of the most used synthesis techniques for
obtaining high-purity, well-controlled stoichiometry,
nanosized materials at relative low costs and temperatures,
in comparison with high-energy consumption solid-state
method [116-118].

In a typical sol-gel synthesis, acetates or nitrates of lithium
and manganese are used as spinel’s precursors, while citric
acid is widely used as chelating agent [77, 119, 120]
(Fig. 8). Ammonia solution is used during the precursor’s
homogenization in order to maintain a neutral pH.

In the last years, different modified sol-gel processes were
developed, with the aim of improving the quality of LiMn,O4
cathode material.

Thirunakran et al. [3, 21, 22, 72, 122—127] investigated the
influence of different novel chelating agents upon the forma-
tion and electrochemical performances of the pristine sample,
maintaining the same heat treatment (see Table 3). The typical
morphology observed for the synthesized spinel compounds
was spherical uniform grains, with an average particles size of
0.5-1 pm [3, 122] (Fig. 9a). Involving lauric acid in the syn-
thesis led to ice-cube particles with an average size of 200 nm
(Fig. 9b), while myristic acid contributed to the formation of a
cauliflower morphology, with nanometer-sized particles (~
50 nm). A severe capacity loss (~30%) after just 1 cycles
has been calculated for the LMO synthesized in the phthalic
acid assisted sol-gel method. The powerful capacity loss is
attributed to disordered and irregular spinel particles morphol-
ogy. Lithium manganese oxide synthesized by a succinic acid
modified sol-gel process exhibited the best performance,
maintaining a high capacity of 136 mAh g ' (99.2% of initial
capacity), after 10 cycles at a c-rate of 0.5 C [128, 129].

Yi et al. [132] studied the temperature influence upon the
material morphology, crystallinity, and electrochemical per-
formance. It was found that a heat treatment of 800 °C for
10 h should provide good LMO crystallinity. The initial dis-
charge capacity increased with the temperature raising, up to
130 mAh g ! for the sample synthesized at 800 °C. No impu-
rities were discovered for the sample calcined at 900 °C, but
the spinel can suffer a disproportionate reaction by oxygen
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Fig. 8 Sol-gel process as
indicated by the operations

CH,-COOLI-2H,0

Mn(CH;-
C00),-4H,0

Aqueous solution of
citric acid

presented in ref. [121]

elimination, during cycling, resulting in two other phases, lay-
ered lithium manganese oxide (LiMnO,) and discharged
LMO (Li; - 2,Mn, ,O4 5 ,), which hinder the material’s
efficiency.

Hwang et al. [133] suggested an acrylic acid-aided sol-gel
process and investigated temperature’s influence upon the parti-
cle size, morphology, and electrochemical performances. Thus,
the heat treatment ranged between 600 and 870 °C. Increasing
the temperature size led to formation of spinels with higher crys-
tallinity and larger average particle size. During electrochemical
tests, it was observed that the material synthesized at tempera-
tures above 800 °C suffered from severe initial discharge capac-
ity and poor cycling life. These phenomena are related to higher
content of Mn>* ions, which are the main reason for the structural
distortion and manganese dissolution into organic electrolyte.

Table 3
potential interval =3-4.5 V, 1 C=148 mAh g ")

Mixing (80 °C, 4h,
6<pH<7)

NH,OH

Annealing (300 °C,
8h)

Sintering (850 °C,
15h)

Any water trace, remained after battery’s assembly, may react
with LiPFg, resulting into HF formation which damages the ac-
tive cathode materials (like in the case of spinel, Li,Mn,Oy, 0 <x
< 1), by destroying the solid electrolyte interface (SEI) and caus-
ing manganese dissolution into electrolyte solution. Manganese
dissolution leads to capacity fade and shortened battery lifetime
[63, 134, 135].

Unevenly LMO particles were obtained by Mohan et al. [136]
via sol-gel, whereas tartaric acid (C4HgO4) was the chelating
agent. Jahn—Teller distortion influenced greatly the material’s
performance at elevated temperature (55 °C) and after 100 cycles,
only 56% capacity retention (70 mAh g') was measured.

Michalska et al. [137] synthesized LiMn,0O4 nanopowders
via sol-gel method using citric acid as main complexing agent
and acetic acid as secondary one, followed by the gel’s drying

Electrochemical Characteristics of LiMn,0O, synthesized using different chelating agents (experimental conditions: 0.1 C, N=10 cycles,

No. Material Chelating agent Discharge capacity Coulombic efficiency Discharge capacity (after N cycles) Capacity fading Ref.
(mAh g (%) (mAh g (%)
1 LiMn,O, CgHeO4 135 93 94.5 30 [22]
2 C4H404 [127]
3 CsHoNO, 122 68 106.14 13 [126]
4 Ci6H3,0, 132 73 112.2 15 [125]
5 C1oHy40, 124 95 114.08 8 [3]
6 CH;(CH,),sCOOH 130 92 115.7 11 [21]
7 CH;(CH,),4COOH [123]
8 Ci4H250, [72]
9 C,Hy3COOH 114.4 12 [122]
10 C4HeO4* 137 96.5 136 0.8 [128, 129]
11 CeHgO7* 133 98 123 7.5 [65]
12 C,H;NO, 122 99 112 10 [130]
13 C3He0;" 140 - 106%* 24 [131]
*crate=0.5 C

*#*N =200 cycles

@ Springer
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Fig. 9 a FESEM image of LiMn,O, spherical grains synthesized by sol-
gel method [122]. b SEM image of LMO cube morphology [3] (reused
with permission from Elsevier)

at 150 °C for few hours and its calcination in a temperature
range of 450—700 °C. Spherical shaped particle with good
crystallinity and dimensions below 100 nm was obtained for
the sample heated at 700 °C.

Low-temperature SGP was employed by Zheng et al. [138]
to obtain bare LMO nanoparticles. Highly dispersed Mn;O,
and lithium hydroxide were used as manganese and lithium
sources, respectively, while citric acid was the chelating agent.
In order to promote the gelation, ethylene glycol was added
during sol’s stirring. The desired compound was obtained
using a long low-temperature heat treatment, 550 °C for
15 h. The usage of manganese (II, III) oxide allowed the for-
mation of pure spinel at low temperature. The electrochemical
tests showed that LMO powder exhibited an initial discharge
of 130 mAh g ™' and still managed to maintain 120 mAh g~
(~96% capacity retention), after the cell was cycled for
200 cycles, 1 C and 25 °C. Even when the cell was cycled
for 100 times at 55 °C, LiMn,O, presented a capacity fade of
only 14% (specific capacity of 111 mAh g ). Cycling the cell
at small and high c-rate, respectively, the material proved good
electrochemical reversibility, although, at 10 C, a loss of 52%
from its initial capacity has been calculated.

Pristine lithium manganese oxide nanopowder has been
synthesized by Michalska et al. [139] through a modified
SGP, using two complexation agents. First chelating agent
has been added during the solutions stirring, while either a
polymerization agent (ethylene glycol) or the second chelating
agent (acetic or glycolic acid) has been poured during solu-
tion’s mixing. The resulted xerogel was the subject of a similar
heat treatment with ref. [137]. Similar morphologies
(nanograins) and particle size (100-200 nm) have been ob-
tained for the samples prepared using citric acid and polymer-
ization agent or second chelating agent.

Multiple chelating agents (citric and glycol) have been used
in a SGP by Li et al. [140] . The working electrodes with
embedded spinel cathode material were tested at elevated tem-
perature (55 °C). The sample provided 79% of the theoretical
capacity, while 34.4% capacity loss was recorded after 100 cy-
cles, at a c-rate of 1 C. Similar to other papers, the spinel
showed its limitations during the charge—discharge tests per-
formed at 55 °C [141-143], but its performance was superior
to ref. [144, 145], where same chelating agents, but different

@ Springer

heat treatments, have been used. Higher sintering tempera-
tures determine a raised risk for structural instability, which
hinders the electrochemical performances of the compound.

Park et al. [69] obtained lithium manganese oxide through-
out a sol-gel method, adding adipic acid in during solution’s
mixing. The obtained pristine LMO has been tested in 2 M
Li,SO,4 aqueous electrolyte in a novel symmetric geometry of
laboratory Li-ion battery (Li,Mn,QOy/electrolyte/Li Mn,QOy,).
Similar tests have been performed employing 1 M LiPF¢/
EC:DMC (1:1 vol/vol) electrolyte; however, aqueous electro-
lyte solution proved enhanced rate capability with the increas-
ing of current density, which can be attributed to the water’s
superior ionic conductivity (about two-magnitude order
higher than organic solvents) [67, 69]. In aqueous solution,
lithium manganese oxide provided a capacity of 110 mAh g .
Also, this novel design demonstrated the ability of LMO to be
used both as anode and cathode.

Liu et al. [146] investigated a high voltage ARLB with
TiO, nanotubes as anode, LiMn,O, as cathode material and
mixed lithium salt solutions as electrolyte. For the LiMn,Oy,
formation, a sol-gel based synthesis with hexanoic acid as
chelating agent was realized. The spinel performance in aque-
ous mixed electrolyte solution was better than in organic elec-
trolyte, hence providing a density of 134.9 mAh g™ ' after
10 cycles, at c-rate of 10 C, and low capacity fade after 100 cy-
cles (~ 9%) were recorded, respectively. The suggested ARLB
cell with an operating voltage of more than 2 V (higher than
the classical aqueous battery systems) can become an environ-
mental friendly and low-cost power source for nowadays
devices.

Wang et al. [147] created an innovative design for an
ARLB’s lithium-metal anode, which has been coated
with homemade gel polymer electrolyte (sandwiched
structure consisted of PVD/PMMA/PVDF and organic
electrolyte) and LISICON film. An ARLB has been as-
sembled using coated lithium metal as anode, LiMn,04
as cathode and a solution of 0.5 M Li,SO, as electrolyte.
During voltammetry tests, the cell had an output voltage
higher than 3.8 V, which is well above the water’s theo-
retical decomposition voltage (1.23 V). By using the
modified lithium-metal anode, the risk of lithium den-
drites has been cut down. The main advantages of this
design are related to longer cycle life, without the harm-
ful action of HF resulted from LiPF¢, low environmental
risk, cheap manufacture and high-energy density. The
performance of the current ARLB was not hindered by
the spinel’s structural transition, even though Jahn—Teller
distortion has been noticed.

LiMn, O, with special nanochains morphology was obtain-
ed by Tang et al. [148] and demonstrated amazing perfor-
mances, in a laboratory ARLB. When the cell was cycled at
91 C, 86% of the discharge capacity recorded for a lower c-
rate (4.5 C) was still furnished (95 mAh gfl). LMO
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nanochains also proved its efficiency when the cell was cycled
for 200 cycles (c-rate 4.5 C), and almost no capacity loss has
been computed.

The sol-gel synthesizes, which employ citric acid as che-
lating agent, are indexed in Table 4. Among the best results,
pristine lithium manganese oxide octahedral particles, synthe-
sized by a citric acid aided sol-gel process [149] (Fig. 10,
octahedral morphology), exhibited good discharge capacity
in the first cycle (127 mAh g ') and a capacity fade of only
0.12 mAh g ' per cycle.

Combustion method

Combustion method is regarded as an adequate synthesis pro-
cess to obtain nanomaterials with high surface area and good
crystallinity. One of the main advantages of combustion pro-
cess is that there is no need for supplementary calcination
stages, because of fuel usage (glycine, urea, citric acid) which
auto ignites during the heating treatment and provides the
necessary amount of heat to obtain the desired material struc-
ture [48, 161]. Combustion synthesis process can be applied
either for solutions (solution combustion (SCS)) (Fig. 11) or
for solid precursors [162].

Many studies focused on using urea as fuel in solution-
combustion methods for synthesizing lithium manganese ox-
ide (see Table 5). Lithium nitrate and hydrated manganese
nitrated were mainly used as lithium and manganese precur-
sor, respectively.

In most of the cases, a single annealing stage is enough to
obtain LMO, but Nkosi et al. [163] suggested a different heat
treatment approach. One part of the intermediate product ob-
tained after xerogel’s calcination at a lower temperature
(550 °C) has been irradiated under microwave irradiation
and the annealed at 700 °C, while another part has been sub-
ject of annealing followed by microwave irradiation.
Involving microwave radiations prior to annealing stage
boosted the electrochemical performances of nanograins
LMO particles. Deploying an initial capacity of
131.5 mAh g ', lithium manganese oxide managed to provide
95% of its initial capacity after 50 cycles, at room temperature.

Glycine was also frequently employed as fuel in several
combustion methods synthesizes. Sahan et al. [164—166] used
glycine and nitrate precursors’ solutions in a molar ratio of 1:4
in order to obtain pristine LMO spinels with average initial
discharge rate of 115 mAh gfl, when the cells were tested at
25 °C and ~ 110 mAh g ' at elevated temperature (55 °C).
LiMn,O, exhibited relatively high capacity fading (25%) for
electrochemical tests recorded at 25 °C. Poor capacity reten-
tion (around 50%) was noticed for all the samples cycled at
55 °C, due to Jahn—Teller distortion. All the samples synthe-
sized through this method showed clear surface and uniform
particle size distribution, in the range of 200-300 nm.

A comparative study between properties of samples obtain-
ed through a solution combustion method (SCS) with glycine
as fuel and SSR was performed by Zhu et al. [170]. In both
cases, identical calcination parameters (900 °C for 10 h) have
been tested. Similar agglomerated morphologies have been
noticed for both SCS and SSR samples, but SCS-LMO sam-
ple owned reduced particles size (500-1000 nm) (Fig. 12),
ensuring superior electrochemical results. With an initial dis-
charge capacity of 115.6 mAh g ' and a capacity retention of
93%, after 50 cycles, overwhelmed the results measured for
the SSR sample: only 80 mAh g in the first cycle (which is
not enough be applied for nowadays batteries) and a capacity
retention of 90%. Even if single-phase LMO spinel character-
istic XRD peaks were recorded for LMO obtained by SSR, the
huge particle agglomeration hindered the material’s perfor-
mance during tests.

High-temperature ball milling aided combustion method
has been employed to synthesize bare lithium manganese ox-
ide [171]. The fuel used in that synthesis was citric acid.
Milling temperature played an essential role for obtaining high
crystalline sample, with small particle size and large surface
area. It has been concluded that by adding citric acid and
milling, the sample at 600 °C resulted LMO with high dis-
charge capacity, 132 mAh g™’ (0.1 C), which lost only 5.3% of
its capacity after 50 cycles.

The influence of different glycines: sucrose ratios on the
morphology and electrochemical properties of spine have
been investigated in ref. [172]. It was found that a percent of
98% glycine and 2% sucrose (G98-S2) enhanced better the
spinel’s capacity, in comparison with the samples obtained
using other ratios (G95-S5, G90-S10, G80-S20). Primary par-
ticles have been relatively evenly distributed (100-200 nm in
diameter) but have shown a tendency to agglomerate. Adding
2% sucrose determined the agglomeration reduction, from an
average particle size of 6.228 um (for the sample synthesized
without sucrose) to 3.620 um. In terms of electrochemical
characteristics, G98-S2-LMO provided an initial discharge
capacity (126.9 mAh g "), which was slightly higher than
for the sample without sucrose.

Xu et al. [173] involved nitric acid in their solution com-
bustion method, along with lithium nitrate and manganese
acetate. No special fuel has been employed. No specific mor-
phology has been obtained and the particles were rather ag-
glomerated and irregular, with average size ranged between
120 and 430 nm. Limited lithium ions diffusion hindered
LiMn,O, performance and extremely low capacity was re-
corded at 5 C. However, when the c-rate was changed to
0.5 C, LMO recovered 92.3% of its initial delivered capacity.

(Co-)precipitation method

Precipitation and co-precipitation methods are relatively
routes to obtain highly-crystalline spinels, with uniform

@ Springer



J Solid State Electrochem (2020) 24:473-497

484

LB UV 8pT =0 Tx
arjeradwo) WooI 3y

Cl 0SL OVUN
[99] soz Lot 09/76'0¢ LS'LS [eIpayeI0 €< 0S¢ 0091 L1
18] - - - - - - - - oIy 9 008 91
09 4 002T/TL'TL €01 YEONUN
[oo1] - - S0 05/9'86 S0 48! joedwo) 4! 00L fFONI'T  SI1
C 009 OVUN
[es1] - - Id €0 op/TElT €0 geel 001 wojrun S 00S fONIT I
81 0SL JVUAN
[sol el S0 0€/7S°801 S0 el 00T 8 0S¥ HO'T €I
[8s1 st L6l 8'S¢ I 001/1°'88 1 Il 05-0¢ T 00€ 4!
14! 0S8
[v€l oo - S0 0p/T'TE S0 Ly 0¥CI-0TS 01-8 (11874 Il
01 0SL
[col - - Y4 I 001/1t°€6 I SLIT  009-00T PajeIowo[ssy S 0sy 01
89 002/20°SS 1'9L 01 008
[LsT] s€8 Y4 I 002/81°¥8 I 78 005001 JTengoxy S 0S¢ 6
L 0S8
ost]  — ¥9¢ Id 0S/S0°CL I OIT  00€-001 [eIpayA[od ¥ oSy 8
4! 0SL
[6v1] - - Ly 80 001/€6'V11 80 LTI 00T-0ST [8IpaYEI00 € 00€ L
C 00£/6'SL (4 L6 01 008
[ss1l - - AR I €01 00¥-00T sure1n 9 0S¥ 9
[SY 0001/90°LC SLEIOL 9 0SL
[ep1] - - 94 S0 0001/€9°19 S0 reol 00~ payoed 80°0 00€ S
ps1l - - - - - - - 0€-0T [eouoyds € 0SS 4
- - 09 0L/SL'89 I STl - 91 008
[estl ozt oL=/1¥1 AR I 0L/SL'86 70 9921 - - 4 0S¥ €
SY 08/¥0°¢€¢ SII 4! 008
[zst] 0€ 40 08/S¥'¥S 4 11 00~  S198) OIqN) 9 0S¢ 4
[1s1 09 001/29 Y4l padeys S1 Do 0S8 IVUN
‘0s1 ‘121l 86 0¢ S0 001/18 S0 gel 0S1 Jeouoyds 8 00€ VIT 1
©® (Do) ()] N/(,_8 qyu) (xD) (,_8 yyu) (to) ()] (Do)
uoneIn( armerodwa],
amjeroduwo) el SO[0Ad JJel Kyoedeo az1s s1oowered
[EEN vy Sunsa],  oSreyosig  Jo roqunuyoouewiojdd Surok)  oSreyosiq o3reyosip feniu]  opured  ASojoydioj uoneuroe)
REN] s10joweIed [BOIUAYO0NIS[O PAISAL,  SONSLIOJOBIRYD SO[OEd  SUONIPUOD SISAYUAS SIOSINOAIJ ON

sojdures sasayjuks poyjouwr [93-[0§ d|qel

pringer

Qs



J Solid State Electrochem (2020) 24:473-497

485

Fig. 10 Octahedral LMO particles obtained by sol-gel method [149]
(reused with permission from Elsevier)

particle distribution. Moreover, (co-)precipitation methods ex-
hibit advantages like short synthesis time, low energy con-
sumption, and good yields [174]. In a precipitation process,
the precursors for lithium and manganese salts are dissolved in
water and by water evaporation, a precipitate is formed. The
precipitate is subject for a heat treatment (Fig. 13).

Throughout a precipitation route, Zhu et al. [11] fabricated
irregular shaped lithium manganese particles. The material
was undergone to electrochemical tests in an ARLB. The ini-
tial discharge capacity (109.2 mAh g ') is comparable to the
one achieved in organic electrolytes [156], and a quite low
capacity fade (10.6%) was recorder after 50 cycles. When
high c-rates were set (5 and 10 C, respectively), pristine
LMO failed to prove good rate capability, delivering only ~
82% of its capacity after 100 cycles.

Micrometer LMO spheres were synthesized by Yi et al.
[175] by a mixed method employing two stages: facile co-
precipitation route and a SSR. Firstly, MnCOs spherical par-
ticles were obtained, starting from a MnSO4-H,O solution,

Na,COs precipitant, and NH4OH chelating agent. Secondly,
manganese carbonate was preheated at 480 °C for 6 h, in air
atmosphere. Finally, it was mixed with lithium carbonate and
calcined at 750 °C, for 20 h, in air. The uniform micrometer
LMO spheres performed well electrochemically, delivering
124.3 mAh g ' in the st discharge cycle and maintained
89.9% of the initial discharge after 100 cycles, at 25 °C. In
spite the fact that an initial slightly higher discharge capacity
was noticed at 55 °C, a strong capacity fade (about 42%) was
recorded after 100 cycles. The charge—transfer resistance was
determined using electrochemical impedance spectroscopy,
and it was found that micrometer LMO spheres exhibited
lower charge transfer resistance (117.8 €2) than 565 €. [156]
and 132.4 Q [65].

Microwave-assisted co-precipitation method led to
LiMn,0,4 (x=0; 0.05) possible cathode material, but no fur-
ther conclusive electrochemical measurements have been
made by the authors [176]. One of the advantages of the pro-
posed synthesis was the shorter heat treatment required for
obtaining crystalline products.

Luetal. [57] suggested a two steps template free synthesis,
including a precipitation stage of the precursors and their cal-
cination at 700 °C for 10 h, in air atmosphere, to obtain lithium
manganese oxide with porous structure. Micrometer large po-
rous structures, constructed of nanometer particles, with large
radial channels (300-500 nm), which facilitates fast kinetics
by enhancing lithium ion diffusion during electrochemical
tests, were observed by scanning electron microscopy
(SEM). The porous LMO performed well not only at low
discharge c-rate (0.1 C), when an initial discharge capacity
of 132.9 mAh g was recorded, but also at high capacity
(20 C), when it managed to provide 100 mAh g ' in the first
cycle and a capacity retention of 86% after 200 cycles.
Lithium diffusion coefficient was in the range of
107'° cm? s7!, two magnitude orders higher than for

Fig. 11 Flow chart diagram for ] Mn(CH;-
solution combl}stioq method LiNO, C00),: 41_3120 Urea
(SCS) as described in ref. [48] l l l
s N\ e B ' A
Dissolution Dissolution Dissolution
(. J \ J \ J
( Mixing
(stirring, 200 °C)
B I
Heating (600 °C, 2h)
. J
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Fig. 12 Solution combustion
porous precursor (left) LMO
grains obtained through solution
combustion method (right) [170]
(reused with permission from
Elsevier)

mesoporous LMO (1.7 x 10" em?® s ") [79]. Chargetransfer

resistance value was extremely low (29.3 ) and, along with
the other remarkable electrochemical characteristics, recom-
mended this porous lithium manganese oxide for cathode ma-
terial in Li-ion batteries (Fig. 14).

Hydrothermal reactions

Hydrothermal method (HM) is one of the most used syn-
thesis routes to obtain advanced nanomaterials suitable
for many technological fields, like ceramics, electronics,
and biomedical. The main advantages, which recommend
this synthesis route, are better nucleation control, low
energy consumption, high purity compounds, and uni-
form particle distribution [177, 178]. One of the most
employed HM is single-step hydrothermal reaction syn-
thesis method (see Fig. 15).

The influence of aniline/KMnQO,4 molar ratio and heat treat-
ment upon the LMO formation through a HM has been inves-
tigated [179]. Hydrothermal synthesis took place at three dif-
ferent temperatures, 120, 150, and 180 °C, respectively. For
the first temperature, it was demonstrated that the optimum
ratio for obtaining pure spinel equals to 0.2:1, while in case of

lower ratios (0.1:1; 0.15:1), KMnQy, is reduced to birnessite
and for a higher aniline content, and aniline reduced lithium
manganese oxide to Mn;O4. Spinel’s formation has been also
facilitated by lithium hydroxide, not only birnessite. Pure
LMO has been manufactured at the same molar ratio
(0.15:1) at both 120 and 150 °C, but increasing the tempera-
ture to 180 °C, LMO was reduced to Mn;0, starting with a
molar ratio above 0.15:1. Normally, by increasing the temper-
ature, the particle size increases, but in the present study, the
particles obtained at 180 °C exhibited lower particle size (60—
140 nm than the samples) (300-500 and 200400 nm, respec-
tively) synthesized at 120 and 150 °C, respectively. LMO-
150 °C showed the highest initial discharge capacity
(127.4 mAh g "), good cycling performance, and lowest
charge—transfer resistance (187.1 €2), which recommend the
heat treatment of 150 °C.

One-step HM has been employed to obtain microme-
ter octahedral LMO particles by Ye et al. [180]. Starting
from lithium acetate dehydrated, manganese acetate tetra
hydrated, and potassium permanganate, the synthesis
process is described by the following chemical reaction

(Eq. 3):

SLi* + 7Mn?" + 3MnO;, + 160H —5LiMn,0, + 8H,0  (3)

Fig. 13 Flow chart diagram for Mn(CHs- ]
precipitation method based on C00),-4H,0 Li,CO;
data from ref. [83] =
- ~
Dissolution H,0

( v.le ] R
Precipitation (water
evaporation)

f Calcination (750 °C, )
8h)

LiMn,0,
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Fig. 14 SEM micrographs of
porous LiMn,O, structure as
synthesized through precipitation
method in ref. [57] (reused with
permission from Elsevier); ¢)
Overall SEM image of LMO
particles, d) LMO macro-porous
structure (close view)

The resulted Li,Mn,_ 04 (x=0.3) delivered approxi-
mately 116 mAh g ' in the fourth cycle (0.4 C).
However, when the rate capability of the samples have
been tested at different discharge currents, as-synthesized
LMO samples failed to deliver more than 24 mAh g ' at
20 C, while it showed a relatively decent discharge ca-
pacity at 5 C (84 mAh g ') or lower.

Normally, the hydrothermal reactions procedure tempera-
ture is at least 150 °C [75, 98, 180], but in ref. [101], a reaction
temperature of 110 °C, for 12 h, led to formation of nanometer
LMO particles. The as-synthesized particle was further heated
to obtain nanoclusters. LMO clusters with a large BET area
(65 m? gfl), which delivered, in the first cycle, 81% of lithium
manganese oxide theoretical capacity and preserved 84% after
being cycle at 10 C. At higher c-rate (50 C), almost no capac-
ity loss of LMO clusters has been recorded.

Homogenously dispersed lithium manganese microspheres
(0.5-0.8 um diameter) were obtained by a low-temperature
(110 °C) and short time (8 h) hydrothermal synthesis [181].
LMO microspheres showed an initial discharge capacity of
127.9 mAh gf1 (0.1 C) and a coulombic efficiency of more
than 99%. Also, its stability during repeated cycling was good
and a capacity fade of only 5.4% was recorded after 60 cycles,
demonstrating microspheres’ stability.

A high-pressure hydrogen peroxide assisted HR method
has been introduced by Sathiyaraj [182]. Precursors’ mixture
has been maintained in a pressured vessel at 140 °C, for 12 h.
After the resulted precipitate has been dried and washed, no

subsequent heat treatment has been needed. A possible reac-
tion mechanism has been suggested (Eqs. 4-6):

Mn(N03)2 + H202—>MH(OH)2 4+ 2NO; 4+ 027 (4)
Mn(OH), + ' /,H,0,—~MnOOH + H,0 (5)
MnOOH + LiOH + ' /,H,0,—LiMn,04 + 2H,0 (6)

The obtained LMO nanorods, with 100 nm length and
50 nm in diameter, provided an initial discharge capacity of
118 mAh g'. A relatively high capacity fade (~9%) has been
recorded in the first 10 cycles, but after that, the structure
stabilized and in the following 40 cycles, only 2% of the initial
capacity have been lost.

Crystalline lithium manganese oxide nanowires were syn-
thesized by a HR method, followed by a two-stage calcination
of the precursors’ mixture [74]. NaOH and Mn3;0, were in-
volved in the HR method to obtain precursor nanowires,
which were further mixed with LiNO5; and LiCl-H,O and
undergone a two-stage calcination treatment, at 500 and
800 °C for 3 h and 1 h, respectively. During the HR method,
the optimal hydrothermal temperature for obtaining precursor
nanowires, which maintained its morphology throughout cal-
cination treatment, was 215 °C (for 4 days). The material was
tested in an ARLB and similar initial discharge capacity (~
110 mAh g ") was reported for LMO nanowires as in the case
of LMO grains prepared by SSR [107]. The assembled ARLB
(LiV;04/LiNO3/LiMn,04 nanowires) furnished ~

Fig. 15 Flow chart of one-step
hydrothermal synthesis of

KMnO,

LiOH Aniline

LiMn,0, based on experimental

method described in ref. [179]
Double distilled water
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filtration Drying (60 °C, 24h)
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110 mAh g in the first cycle and its capacity faded less at
higher c-rates (10 C), demonstrating an increased stability
over cycles. It has been suggested that longer time contact
between electrode and electrolyte determined the poor perfor-
mances at lower discharging rates (Fig. 16).

Other synthesis routes

An innovative synthesis route, based on controlling metal cat-
ions’ hydration in organic solvent, has been to obtain ultra-
small LMO nanoparticles, based on controlling metal cations’
hydration in organic solvent has been indicated by Miyamoto
et al. [55]. Lithium manganese particles were synthesized by
employing tetrabutylammonium permanganate (TBAMnO,)
as a precursor, which was dissolved in a 2-propanol-based
LiCl solution and an extremely short heat treatment in mod-
erate conditions (86 °C, 30 min). Very small particle size
(2.3 nm), with large surface area (371 + 15 m? gfl) and short
lithium diffusion paths, recommended the compound as a
cathode material, but the crystallite was susceptible to ag-
glomerate. Thus, graphene was used as agglomeration inhib-
itor and electronic conductivity promoter. During cell’s cy-
cling at a high discharge rate (100 C), an initial capacity of
134 mAh g ' (90.5% of the theoretical capacity of
148 mAh g ') was delivered by the graphene modified lithium
manganese oxide. Even though the material managed to ex-
hibit 98.8 mAh gf1 after 10 cycles, the capacity fade (27%)
was quite intense. An interesting fact about the ultrafine LMO
particle was that it did not show the two plateaus (at 4.1 and
4.0 V), which are characteristic to spinel-type compounds.

Among other researched synthesis methods for obtaining
LMO, one to be considered is spray drying process (Fig. 17).
Spray drying method exhibits several advantages over SSR or
sol-gel synthetic procedures: crystalline products, low cost,
industrial scale applicability, and improved size and morphol-
ogy control [88].

Dynamic sintering procedure during a two-step sintering
spray-drying process led to perfect LMO microspheres [88,

Fig. 16 LMO nanowires obtained by HR method [74] (reused with
permission from Elsevier)

105]. One single high-temperature (700 °C) sintering treat-
ment could not provide spherical LMO particles, due to large
eliminated quantities of gaseous compounds, mainly CO,
(from acetates or carbonates involved in the spray drying pro-
cess), which destroyed the spherical shape precursor particles.
Static low sintering treatment (180 °C) did not have more
successful, because the spherical shape could not be main-
tained, while the particles obtained in a rotating bed furnace,
exhibited spherical shape, but particles surface shrinkage was
noticed. Combining a low decomposition temperature along
with a rotating movement assisted sintering treatment could
provide perfectly shaped LMO spheres, because the gases
were efficiently released and agglomeration was restrained.
The precursors along with the heat treatment influenced the
performance of the LMO spheres. For example, when manga-
nese carbonate added to precursors’ mixture, before spray-
drying procedure [105] slightly boosted the initial discharge
capacity (121 mAh g ' at 0.2 C), while LMO obtained with-
out MnCOj; exhibited 117 mAh g ™" in the first cycle [88]. One
possible explanation is that a more crystalline structure has
been formed when the manganese carbonates was used, be-
cause an increased sintering temperature (800 °C) has been
necessary to obtain lithium manganese oxide spinel structure;
increasing the sintering temperature above 800 °C damaged
spinel’s structure. In both cases, with or without MnCQOs, sim-
ilar capacity retention (95%) has been calculated after 50 cy-
cles (Fig. 18).

In the last years, a series of polymers, like Pluronic P123
[79, 183], Pluronic F127 [184], and polyacrylonitrile [185],
have been used in the recent developed polymer-aided tem-
plate method (PATM). The synthesis parameters, along with
the electrochemical performance of the obtained samples by
PATM, are presented in Table 6. In the case of sample B, a
mesoporous LMO structure, with large specific BET surface
(42.5 m? gfl), favored the lithium ions diffusion due to in-
creased lithium diffusion paths and a discharge capacity of
133.6 mAh g ' (90.2% of LiMn,O,’s specific capacity) has
been achieved [79]. Mesoporous structure of sample C not
only enhanced the low charge transfer resistance and large
specific but also determined an improved lithium diffusion
coefficient (Dy;=2.73-10""2 cm® s~ "), much higher than for
bulk LMO (Dy;=1.18 x 102 cm” s ') [183]. Despite the fact
that good cycling performances were noticed for sample C
obtained at lower calcination temperature (500—600 °C), its
significant reduced charge capacity (ranged between 76.3 and
96.5 mAh g ') does not recommend it as suitable electrode
materials for practical Li-ion batteries. Heat treatment greatly
influenced not only the spinel’s formation but also particles’
morphology [186] (Fig. 19).

By increasing the temperature from 600 to 700 °C and
maintaining the same duration (6 h), the particles changed
their shape from octahedron shape to (111) shape octahedral,
while raising the calcination time (from 6 to 10 h),
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Fig. 17 Schematic representation Mn(CH;-
of spray-drying process based on €00),-4H,0

data inside ref. [105]

Distilled water

MnAc* aqueous

P MnCO;
solution

| |

LiOH-H,0

_{

Spray drying

Mixing (atomizer)

]__[ ]—-[ Heating (180 °C, 4h) ]

*MnAc =Manganese acetate

morphology has changed to truncated particles, with well-
developed (111) planes and portions with (100) surfaces.
Well-crystallized LMO truncated octahedral (sample D) cal-
cined at 700 °C (10 h) succeeded to maintain a stable structure
during cell cycling, and no capacity loss was recorded after
100 cycles.

Two-step template synthesis was employed by Chen et al.
[80] in order to prepare hollow lithium manganese porous
spheres. The first stage of the suggested method included the
precipitation and calcination of xMnCO5yCaCO; to obtain
manganese dioxide, which was further calcined at 500 °C
for 2 h to result Mn,O5 hollow microspheres. Before the sec-
ond stage, different Ca**/Mn”* ratios were investigated. The
optimum ratio between calcium and manganese ions was 2:3,
because in the case of lower ratio (1:3), dense MnO, formed,
while at higher ratio (1:1), fracturable hollow MnO, structure
was observed. The second stage was represented by a SSR
method, when as-synthesized manganese oxide(III) was
mixed with LiOH-H,O and calcined at 800 °C for 12 h in air
atmosphere to obtain the desired LMO product. Hollow LMO
spheres (Fig. 20) presented a reasonable rate capacity by pro-
viding 104.2 mAh g~' (88.3% of the initial discharge capacity
of 117.9 mAh g ) after being cycled for 100 times at a c-rate
of 1 C. The hollow porous spheres demonstrated a charge—
transfer resistance in the 100th cycles (591.7 2) similar to R

Fig. 18 Lithium manganese
oxide microspheres as obtained in
ref [105] (reused with permission
from Elsevier)
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Sintering
(800 °C, 8h)

value calculated for a polyhedral LMO sample in the first
cycle (564 ) [156]. Also, the hollow structure proved its
unique properties regarding lithium diffusion channels and a
Dy; 0f3.85%107'° cm? 5! was calculated, which is in good
terms with the lithium diffusion coefficient calculated in other
research (10'% cm? s ") [57].

Qu et al. [188] developed a direct and facile template pro-
cedure to obtain porous LMO grains by involving polystyrene
colloidal crystals as template. The synthesized material has
been tested in an ARLB, which had an electrolyte solution
of a 0.5 M Li,SO,4. The porous LMO nanograins with a 3D
structure yielded fast charging ability (76% of state of charge
in only 40 min), low charge transfer, and amazing cycling
ability (only 7% capacity fade, after 10,000 cycles at 9 C),
which are superior to other LiMn,0,4 functioning in an aque-
ous rechargeable lithium-ion battery [103, 155].

As-synthesized MnF, hollow polyhedrons served as tem-
plate for obtaining Mn,Oj3 hollow polyhedron particles, which
were used not only as anode material but also as precursor for
LiMn,O, hollow spheres [189]. LMO spinel was synthesized
by employing a molten salt combustion method, in which the
precursor salts were undergone a heat treatment of 800 °C for
10 h, in air atmosphere. The sodium chloride, which was
added in a large quantity (three times more than the lithium
and manganese precursors), promoted lithium ions diffusion
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Table 6  Pluronic P-123 and F-127 influence on LMO morphology and electrochemical performances

C-rate (C) Capacity retention/number R (€2) Ref.

BET specific surface (m* g ') Initial discharge

Particle morphology

Samples Copolymer Heat treatment

of cycles (%/N)

capacity (mAh g ")

— = e e

— e e e

99.9/10

0.1

76.3
133.6

1.18

42.5

200 °C(1 h)+600 °C (6 h) Spherical crystal aggregates

750 °C (5 h)

P123

A

81.7/100
99.8 /100

0.5

Uniform sub-micron grains

96.5
132.14

13.8

300 °C (6 h)+500 °C (6 h) Uniform, regular shape particles

700 °C (10 h)
500 °C (3 h)

100 /100

Truncated octahedral shaped particles

91/100
98.3 /100
99.9/7

87
124

0.5

52

Homogenous compact particles

700 °C (12 h)

0.1

84.8

200 °C(1 h)+600 °C (6 h) Ball-shaped agglomerated particles

F127

G

*-Not mentioned in the article

to Mn,O; surface and enhanced the reaction between precur-
sors. Also, it favored the obtaining of uniform low-sized par-
ticles (100-200 nm), which formed LMO microspheres.
Regarding electrochemical results, the LMO sample with
NaCl as additive exhibited higher discharge capacity
(117.5 mAh g_]), better coulombic efficiency (84.7%), and
improved cycling performance than the sample without NaCL
The influence of graphite plates (800 and 15,000), with dif-
ferent specific area (4.24 m* g '(A) and 12.06 m*> g ' (B), re-
spectively), over the morphology and electrochemical perfor-
mances of LMO has been studied through a template synthesis
[190]. Narrower B graphite plates failed to preserve its shape
during the reaction and heat treatment and it started to split, while
the larger thickness of A-graphite plates provided enough
strength to retain its morphology. The conductive A-additive
slightly increased LMO’s discharge capacity (up to
124 mAh g ') and lithium diffusion coefficient (from 5.45 x
10" to 6.45x 10" m? s™") and also diminished the capacity
fade per cycle during cycle lifetime tests (30% capacity loss after
1000 cycles, 1 C). Another important aspect, which has a critical
importance in LMO cyclability, is manganese dissolution in or-
ganic LiPF¢-based organic electrolyte. Lower BET area of graph-
ite 800 mesh template favored the reduction of the manganese
dissolution by half, in comparison with graphite 15,000 mesh.
Deng et al. [191] obtained porous core-shell LiMn,0y4
microellipsoids via a facile template method, using hydrated
lithium hydroxide and as-synthesized manganese carbonate
ellipsoids as starting materials. The micrometer ellipsoid par-
ticles with average diameter of 1.5 um and average length of
2.9 um presented a BET surface area of 8.8 m* g ' (Fig. 21),
larger than spherical crystal aggregates [184], but much lower
than other porous [52] and mesoporous [79] LMO spinels.
Extended cycle lifetime at high c-rate has been demonstrated
by core-shell LiMn,O,4 microellipsoids and the capacity reten-
tion was 90% after 400 cycles, at room temperature. At ele-
vated temperature, the initial discharge capacity of only
43.6 mAh g ' increased to the maximum of 77.3 mAh g
and by the end of the test (200 cycles), it decreased to
59 mAh g ' (23% capacity loss). The cycling performance
of LMO at elevated temperature suffered from Jahn—Teller
distortion and manganese dissolution. The porous structure
determined low charge—transfer resistance (lower than
80 2), which had a positive action upon spinel’s electrochem-
ical performance, by shortening the lithium diffusion paths
and enhancing faster kinetic of s Li* diffusion.
High-performance ultra-long LMO nanofibers have been
obtained via a combined synthesis, involving electrospinning
and sol-gel processes. In addition, the optimum ratio between
PVP content, lithium and manganese precursors, and solvent
was studied [192]. Uniform well-connected fibers were ob-
served when the ratio PVP: LMO precursors: solvent =
6:6:88 (Wt%). However, using another ration led to uneven
distributed fragile fibers. The best electrochemical results
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Fig. 19 a Irregular shaped LMO. b Octahedron LM. ¢ Octahedral LMO. d Truncated octahedral LMO [186] (reused with permission from Elsevier)

were exhibited by long LMO fibers synthesized at a tempera-
ture of 700 °C for 8 h: initial discharge capacity of
128 mAh g ! (0.5 C), 12% capacity fade, and high c-rate
(30 C) discharge capacity (92 mAh g '). Due to structure
stability, at low c-rate (0.1 C), LMO nanofibers exhibited a
capacity (146 mAh g ") almost equal to spinel’s theoretical
capacity (148 mAh g ') and accomplished to recover 90% of
the capacity after being cycled at 30 C.

Yang et al. [52] indicated that a low-temperature
electrospinning technique to fabricate 1D hollow LMO nano-
structure (Fig. 22) would overcome the disadvantages for
obtaining commercial LMO: long heat treatment duration,
high calcination temperature, and uneven particle size and
morphology. The main advantages of the hollow 1D structures
are related to large surface area, shorter lithium diffusion
paths, and low deformation risk of spinel’s primary unit cell
during battery’s cycling [52, 53]. Long ribbon-like hollow
structures (500 nm), with an average wall thickness of 30—
50 nm and large BET area (29.9 m> g '), were obtained at
500 °C. In comparison, in the same study, LMO was synthe-
sized by a sol-gel method in the same conditions as for the
electrospinning process and irregular particles with Mn;Oy4
impurities and lower BET surface were remarked.

Freeze-drying method provided good yield when it was
studied as a possible LM O synthesis route. Precursor solutions
were mixed and frozen at temperatures below —40 °C, while
the pressure has decreased to several millibars. After the sol-
vent (water) sublimated, the resulted precursor was heat-
treated at least 600 °C [81, 193]. Partially sintered particles
with an average diameter of 80 nm showed a good initial
discharge capacity of 132 mAh g™' (1 C) and it retained
73.25% of it after 300 cycles [193].

Fig. 20 Hollow LMO spheres
obtained through a template
method (LMO samples with the
Ca®*/Mn>* ratio of 1:3, 2:3, and
1:1) [80] (reused with permission
from Elsevier)

@ Springer

Recently, Li et al. [82] submitted a study which implied the
synthesis of LMO particles by a polyalcohol assisted ion im-
planted method. This route consisted in mixing MnO, spheres
with hydrated lithium hydroxide and an alcohol (ethylene gly-
col or glycerol), followed by LiOH dehydration, lithium ion
implanting in MnO,’s pores and calcination at 800 °C for 6 h.
It was observed that nanometer particles agglomerated into
large porous micrometer spheres (~ 10 pum in diameter), which
could assure adequate lithium ion diffusion paths. The rate
capability of LiMn,O,4 obtained by ion implanted method
was very good, managing to recover 97.8% of its discharge
capacity (123 mAh g '), when cell was cycled from 0.2 to
10 C and back to 0.2 C. Also, the material performed relative-
ly similar during electrochemical cycle tests at 25 and 55 °C,
respectively. In both cases, relatively low capacity losses
(13% and 16%, respectively) have been calculated.

In a phase-inversion method, poly(methyl methacrylate)
(PMMA) acted as a matrix and metal salts precursors were
embedded into the matrix structure after the solvents have
been removed by heating [194]. Later on, lithium manganese
oxide was formed by precursor calcination at 700 °C, for 6 h.
Relatively large uniform LMO spheres (~ 500 nm in diameter)
were observed after heat treatment. A possible reason for the
high BET surface (33 m? g ') and porous structure can be
related to PMMA matrix removal during the calcination, caus-
ing the macropores (30-50 nm) occurrence. Galvanostatic
tests showed a good discharge capacity of the material at high
c-rates (5 C and 10 C), and the values are comparable to other
studies, when LMO was synthesized by co-precipitation [11]
and citric acid assisted sol-gel method [195].

Highly crystalline lithium manganese oxide thin films were
obtained by manganese precursor electro-deposition on gold
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Fig. 21 FESEM micrographs. a
LiMn,0O,4 microellipsoids. b
Single porous LMO ellipsoid
[191] (reused with permission
from Elsevier)

substrate, followed by immersing in lithium hydroxide solu-
tion and calcination at 700 °C [119]. The charge flow rate is an
important parameter, because long deposition times led to
thicker films and, in one case (at higher charge flow rate,
50 mC), the particles from the film’s surface began to agglom-
erate, resulting in lower lithium diffusion coefficient. The thin-
ner films (deposited at 5 mC and 10 mC, respectively) per-
formed very well, and almost no capacity loss has been cal-
culated after a long cycling period (500 cycles). The lithium
diffusion coefficients, calculated by Randles-Sevchik equa-
tion using cyclic voltammetry plots or estimated from EIS
plots, were in the range of 10°-107" ecm? s !, which are in
good agreement with other similar results [57, 80, 180, 191].

Brief electrochemical characterization has been done by
Zonghui Yi [196] in his study about lithium manganese oxide
synthesized by a rheological phase reaction. The procedure,
similar to hydrothermal reaction, implied the addition of de-
ionized water, during starting materials’ mixing, in order to
form a rheological body. The obtained spinel material exhib-
ited an initial discharge capacity of 111.2 mAh g ' and a
capacity loss of 21% has been recorded after 100 cycles (c-
rate 0.2 C).

Pristine LiMn, Oy, has been synthesized by a solution based
route [197]. The salts were dissolved in ethanol and mixed
together, followed by ethanol evaporation, precursor’s pellet-
izing and calcination in oxygen flow at 900 °C for 12 h. The
obtained hexahedral LMO particles exhibited an initial dis-
charge of 115.2 mAh g™' (0.2 C, 25 °C) and it faded with

Fig. 22 1D hollow LMO nanorods obtained by low-temperature
electrospinning technique [52] (reused with permission from Elsevier)

2.3 mAh g ! per cycle, resulting a final discharge capacity
of 103.5 mAh g ! after 50 cycles. Manganese dissolution
badly affected the elevated temperature performance of the
LMO and only 79% of the initial capacity was delivered after
40 cycles. A deep ex situ XRD analysis has been made for
investigating the unit cell transformation after a number of
cycles. The analysis’s conclusion confirmed that lattice cell
parameter decreased in size after lithium ions extraction or
intercalate, which has been attributed to greater concentration
of Li* into Mn sites. A possible doping ion could stabilize the
LMO structure.

Three-dimensional LiMn,O,4 porous nanowalls (Fig. 23)
were obtained by “hydrothermal lithiation” of deposited
Mnz0y4 precursor on Au or carbon cloth substrate [198]. As
result of synthesis procedure, no conductive additive was
needed when the working electrode was prepared. The opti-
mum reaction’s parameters for hydrothermal lithiation were
240 °C and 17 h. No different results were obtained in the case
of a longer heat treatment (24 h). At lower temperature
(200 °C), XRD pattern showed the presence of Mn;O,4 impu-
rities, while at 220 °C, even though there were no visible
characteristic peaks for Mn;Oy4, the LMO peaks were not as
sharp as at 240 °C. No distinctive morphologies were record-
ed, when different substrates were used, and the thickness of
lithium manganese oxide interconnected nanowalls deposit on
the substrate was between 20 and 50 nm. LMO nanowalls,
with an initial discharge capacity of 131.8 mAh g', per-
formed exceptionally at room temperature and a capacity loss
of only 4% was recorded after 200 cycles, 1 C. High c-rate
performance is a key parameter for nowadays devices and the
LMO deposited on Au/carbon cloth delivered an initial dis-
charge capacity of 97 mAh g ' at 20 C, similar to 1% wt.
Ce0,-LMO [151], but higher than LaMnOs-coated
LiMn,O, (68 mAh g ') [199].

Ammonium hydroxide has been used a chelating agent in a
vacuum self-assembly reaction in order to obtain porous lith-
ium manganese spinel with 3D framework [200]. Ammonia
reacted with manganese acetate to form a complex
(Mn(NH;),>") and by ammonia’s evaporation, the nucleation
of Mn(OH), occurred. Vacuum was used to suppress the ox-
idation of manganese hydroxide which has been obtained in
the previous stage. The final synthesis step consisted in pre-
cursor’s calcination at 700 °C for 8 h. Porous LMO showed
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Fig. 23 FESEM images (h), 1)
different magnifications) of LMO
porous nanowalls [198] (reused
with permission from Elsevier)

remarkable results during all the electrochemical tests: high
initial discharge capacity (131 mAh g™, 0.1 C), great capacity
at high c-rates (96.9 and 92.6 mAh g ' at 10 and 20 C, respec-
tively) and good stability during charge—discharge cycles, be-
cause almost no capacity loss has been noticed after 100 cycles
(95.9%, 10 C).

Conclusions

Lithium manganese oxide (LMO) is considered a suitable
cathode material for emergent technologies, which implies
the usage of adequate power sources. LiMn,0,’s advantages
such as environmental friendliness, abundant raw materials,
low production cost, and high rate capability recommend it as
a cathode material for LIBs.

LiMn,0,4 has two types of structure, layered [201] and
spinel [46, 47], respectively, but only the spinel structured
LMO is valuable for playing the cathode role in a Li-ion bat-
tery. However, hydrated layered LMO has been used for a
facile synthesis of spinel type LMO [201]. In order to obtain
LMO spinel, different synthesis strategies have been devel-
oped among them; solid-state reactions and sol-gel method
are the most investigated, during the current review’s studied
timespan (2008-2019).

SSR can be easily used for large-scale industrial appli-
cations, because it does not imply complicated process
stages. However, the high-energy consumption heat treat-
ment and high risk of particles non-uniformness are the
major drawbacks for SSR. It was noticed that the opti-
mum sintering temperature for obtaining LMO ranged be-
tween 700 and 800 °C, when uniform particles with
higher initial discharge capacity and good cycling ability
were synthesized. One of the best results were observed
for LMO spherical nanoparticles calcined at 700 °C [23],
which almost delivered the theoretical capacity of the spi-
nel (146 mAh g ' vs 148 mAh g ') and maintained a
capacity retention of 96.6% after 50 cycles at a low c-
rate (0.5 C). Nanometric spherical LMO performed above
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average even in the case of increased discharge capacities,
when capacities of 135, 127, and 98 mAh g7l have been
computed at 2, 5, and 10 C respectively.

Sol-gel technique provides oxidic materials uniform
particle size, high crystallinity, and controllable stoichi-
ometry. Alongside the reagents, chelating agents are need-
ed in order to promote the formation of porous anhydrous
structure with long interconnected polymeric chains.
Nowadays, the most involved chelating agent in a sol-
gel synthesis is citric acid. The chelating agent’s role is
very important and many scientists investigated the pos-
sibility of using one or more chelating agents or other
chemical reagents, which can promote gel’s polymeriza-
tion. Materials with high discharge capacities were suc-
cessfully obtained not only when citric acid has been
employed [129, 150] but also in the case of succinic acid
[128].

Hydrothermal reactions synthesis requires lower tempera-
ture than the SSR and SGP methods, but it needs special
conditions, like high pressure. Normally, one synthesis stage
is enough to manufacture products with good electrochemical
properties. Such a good example are LMO nanoclusters with
an initial discharge capacity of 120 mAh g~', which manifest-
ed great capacity retention even at extremely high discharge
rate (50 C) [101]. Normally, the usual temperature for HR
synthesis is around 160—180 °C [179]; it has been demonstrat-
ed that a lower temperature of 110 °C and a reaction time of
minimum 8 h led to formation of performant spinels with
increased cycling stability [181].

Single calcination stage and less energy consumption are
needed in a combustion method, due to fuel’s self-ignition
during heat treatment. Combustion process can be applied
for either solid or liquid precursors. The most used fuel is urea,
but other fuels like glycine or citric acid have been studied.

Although many synthesis routes have been intensively
studied and many others are just in the incipient phase, several
key aspects like precursors’ mixing time, heat treatment tem-
perature, and duration still need to be carefully investigated for
developing enhanced lithium manganese oxide spinels.
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