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Abstract: In this study, undoped and doped nanopowders of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 (x = 0, 0.02%, were

0.05, 0.075 and 10%) of Al impurity by the sol–gel method, and the effect of different percentages investigated on the

structure and electrochemical properties of the samples. Structure and electrochemical properties of samples characterized

by thermo-gravimetric analysis, differential thermal analysis (DTA), x-ray diffraction (XRD), field-scattering microscopy

(FESEM), x-ray energy spectroscopy (EDS), Transmission Electron Microscopy (TEM), infrared spectroscopy (FTIR), and

their results were evaluated. XRD tests were carried out to explore the samples’ structure, showing that the a-NaFeO2

structure with R-3 m space group for all the samples and structures samples does not change up to Al 0.10%. The FESEM

images have shown that these samples have an assembly of cubic and hexagonal particles for doped and undoped Al

impurity nanopowders. The particle size of undoped nanopowders is in the range of 30–100 nm, while with increased Al-

doped in this material, the size of nanopowders seems to be decreased. The chemical analysis of EDS has proven the

presence of Al in the samples. The shape of particles of TEM figures is nearly hexagonal and has the average grain size

60–100 nm. TG/DTA analysis for doped 0.05% Al and undoped samples showed weight loss in these nanopowders. In

FTIR, the connection bonds and chemical elements used in this cathode were investigated. Electrochemical performance

studied by charge–discharge test for nanopowders undoped and doped with 0.05% Al. The optimum amount of Al for the

Co is x = 0.05 in consideration of the higher specific capacity rather than undoped nanopowders.

Keywords: Lithium-ion battery; Li[Li0.21Ni0.125Mn0.54Co0.125-x]AlxO2; Cathode; Solgel; Nanopowders; Charge–

discharge test

PACS No.: 81.10.-h

1. Introduction

Lithium-ion batteries were commonly used in electronics

vehicles, hybrid electric vehicles, portable power tools and

many other power supplies owing to their high energy and

power density [1–3]. Other cathode materials such as spinel

LiMn2O4 [4] and olivine LiFePO4 [5] have successfully

applied in lithium-ion batteries, but they typically have

very low capacities and also usually do not perform very

well. Among all the cathode materials of LIBs, the novel

Li-rich Mn-based layered solid-solution system formulated

as Li2MnO3.LiMO2(M = Co, Ni and Mn) has recently

become the focus of researches because of its higher

capacities(over 250 mAh/g), lower cost, and reduced tox-

icity comparing to conventional LiCoO2 cathode materials

[6].

Although this kind of cathode material has many

attracting advantages, it has a lowly rate performance and

is subject to voltage decay after long cycling. Doping one

or more metal elements has been demonstrated to be one
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effective method to improve one cathode material [7–9].

Doping also successfully is used for improving Li-rich

layered materials [10–12]. The transition element in the

oxide materials can be substituted by metal elements such

as Al [13], Zr [14], Mo [15], and Mg [16], and those doped

materials show higher cyclic performance and structural

stability surface modification, i.e., coating is also one

useful method for improving one cathode material. In

recent years, many researchers have employed this method

for improving Li-rich layered material [7–9, 17–21].

In the group of Li-rich layered cathode materials,

Li[Li0.2Mn0.54Ni0.13Co0.13]O2 has been widely investigated

already and always shows better performance [19, 22–28].

Because of that, the presence of cobalt reduces the elec-

trode polarization significantly and improves the activation

of the Li2MnO3 component [22], but it still contains

13 mol % of Co which certainly represents an issue with

regard to cost, and the effect of the cobalt seems to dete-

riorate the high-potential cycling performances of the

materials [29, 30].

The solgel among the various methods of synthesis is

chosen due to the small particles. This method is simple,

and due to availability, it is preferable to other techniques.

In this paper, undoped and doped nanopowders of

Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 were prepared with

different percentages of Al impurity by solgel method. The

Al element is much cheaper, and it is environment-friendly,

and the Al element has been demonstrated to improve Li-

ion cathode materials [31]. So, the Al has been selected to

replace the Co element a little. The structure and electro-

chemical properties are reported in this paper.

2. Experimental details

2.1. Preparation of materials

Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 nanopowders were

prepared with different molar percentages (0.02, 0.05,

0.075, and 0.10%) of Al impurity by solgel method in

which citric acid is used as a chelating agent in the syn-

thesis method. Figure 1a, b shows the schematic pattern of

the solgel steps and flowchart of synthesis method. Stoi-

chiometric amounts of 0.650gr CoN2O6 � 4H2O, 0.649gr

NiN2O6 � 6H2O, 2.36gr C4H6MnO4 � 4H2O, 1.50gr

Li(NO3), and Al(NO3)3 � 9H2O were used as starting

chemicals and dissolved in 15 ml distilled water and added

to a continuously stirred aqueous solution of 6.67gr citric

acid in 15 ml distilled water. The molar ratio of citric acid

to total metal ions was unity. The obtained solution is

evaporated at 80 �C until a transparent solgel was obtained.

For the elimination of the anionic residues and other

organic substances from the synthesized gel, the wet gel

was put in a vacuum oven in 120 �C for 12 h. The resulting

gel precursor was decomposed at 500 �C for 5 h in air to

eliminate the organic substances. The decomposed pow-

ders were heated at 850 �C for 6 h. The final material was

obtained by quenching the pellet in the air to room

temperature.

The crystal structure of the as-prepared

Li(Li0.021Mn0.54Ni0.125Co0.125-x)AlxO2 powders was char-

acterized by XRD with a D8 Advance Bruker YT

diffractometer using CuKa radiation in the 2h range of

10�–80� with k = 1.5406 Å. The size and morphology of

the sample were investigated using FESEM performed on

MIRA3TESCAN-XMU microscope equipped with a

Thermo NORAN system 6 x-ray microanalysis system

supported by a Nano Trace LN-Cooled Si(Li) detector for

energy-dispersive x-ray spectroscopy (EDS) analysis. The

TEM analysis for nanopowders was performed on an

Leo912 AB. The TG/DTA analysis for undoped

nanopowders was performed on an STA PT1600 TG/DTA

(LINSEIS) using a heating rate of 10 �C/min in air. The

infrared spectra were recorded using Fourier-transform

infrared spectrophotometer (AVATAR 370, Thermo

Nicolet) in transmission mode in the wavelength region

between 4000 and 500 cm-1.

2.2. Fabrication of battery

2.2.1. Preparation of electrolyte

To prepare the electrolyte, lithium perchlorate salt was

used without water. The required amount of lithium per-

chlorate was poured inside Petri dishes and placed in a

vacuum oven for 1 day at a temperature of 100 �C to

120 �C. After cooling, lithium perchlorate was brought out

from vacuum oven and the solution of 1 molar from it was

prepared in a propylene carbonate solvent and used as the

electrolyte

2.2.2. Preparation of cathodic electrode

For producing the cathode electrode was used 200-micron-

thick aluminum sheet as a flow collector, and graphite was

used to increase the electrical conductivity of the electrode.

The cathode and graphite powder samples were mixed to

enhance the electrical conductivity with a weight ratio of

85% to 15%, and in order to increment their adhesion, a

very small amount (5% by weight) of the Teflon emulsion

solution PVDF in NMP was added to these, and then, it was

deposited on the layer of aluminum foil. The electrode was

dried in a vacuum oven at 100 �C for at least 8 h, and

finally, to increase the stability, the cathode was pressed on

the aluminum surface.
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2.2.3. Description of battery production

To construct a battery, a designed cell was used which has

two polymer plates inside each of them containing alu-

minum plates for electrical connection with electrodes. The

circular plate with the appropriate diameter inside the glove

box was cut and used as an anodic electrode. A commercial

porous polypropylene polymer film called Selgard was

used as a separator.

The separator was immersed in the electrolyte for 12 h

and placed between two electrodes to prevent electrical

connection. The cathode electrode was located at the same

place on the opposite polymeric plate and eventually

connected. All steps in the construction of the battery,

including the preparation of lithium coin cells and the

connection of battery components, were carried out inside

the glove box under the atmosphere of argon.

3. Results and discussion

3.1. Thermo-gravimetric analysis

Figure 2a, b displays the TG/DTA curves of the

nanopowder dry gel undoped and doped with 0.05% Al .

The feeble endothermic peak at about 260 �C in the DTA

curves of undoped gel, which corresponds to a weight loss

of 10% in the TG curve, is for the elimination of residual

water molecules in the undoped nanopowders dry gel. But

for the dry gel with 0.05% Al, these peaks are at about

280 �C. In the extent of 300–500 �C, a weight loss of 80%

is detected, which accompanies a powerful exothermic

peak at 320 �C. This weight loss corresponds to the

decomposition and combustion of clathrate [32, 33]. Above

500 �C, for undoped gel and gel doped with Al, there is

neither any obvious weight loss nor endothermic/exother-

mic peak. Therefore, in the next experiment for undoped

Fig. 1 (a) Schematic pattern of

the solgel steps,

(b) flowchart synthesis method
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and doped nanopowder, the pre-calcination temperature

was selected as 500 �C.

Figure 3 illustrates the XRD patterns of

Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 with different per-

centages of Al (0, 0.02, 0.05, 0.075, and 0.10%) nanopar-

ticles. The XRD patterns indexed in a-NaFeO2-type

structure, space group R-3 m with standard powder

diffraction database of (00-027-1252) lithium manganese

oxide (Li2MnO3) and (01-087-1564) lithium nickel cobalt

oxide, and no extra diffraction peaks from related sec-

ondary phases or impurity were found. The weak reflec-

tions at 2h = 21�–25� are known to originate from the

monoclinic Li2MnO3-like (C2/m) super lattice, which is

due to the ordering of the Li? and transition metal ions in

the transition metal layer of the layered lattice [34]. As

there is an increase in the Al percent, the intensity of the

Bragg peaks increases and significantly splits (006), (102),

(108), and (110) peak pairs in these patterns, which can be

ascribed to the better-layered structure and increased

crystallinity.

All diffraction peaks are sharp and well defined,

proposing that the prepared samples are well crystallized.

Their crystal sizes are calculated for three main peaks from

the preferred peaks of (003) by using the Scherrer equation

[35]:

Dhkl ¼ kk=b cos h

where Dhkl is the crystallite size, K is Scherrer’s constant

corresponding to the quality factor of the device measured

with a reference for single crystal (0.9 for spherical parti-

cles), k is the wavelength of the x-ray used and is equal to

1.5406 Å, b is the full width at half maximum (FWHM),

and h is the Bragg’s angle, and the evaluated data are

reported in Table 1 [35].

It is found that the crystal size of undoped nanopowders

is 30.15 nm and that of nanopowders doped with Al is

much smaller than crystal size of undoped and is in the

range of 26–30 nm. Commonly, the peak intensity ratio of

(003) to (104) reflects that the degree of cationic dimen-

sional order I(003)/I(104) is the larger and the degree of

cation mixing is the lower [36]. Cation mixing would

hinder the insertion and de-insertion of lithium ions in the

materials when I (003)/I(104)\ 1 [37].

As shown in Table 1 of grain size values, adding the

aluminum impurity reduces the grain size. Addition of Al

element leads to reduction in a and c unit cell parameters

due to smaller ionic radius of Al3? compared to that of

Mn4?,Co3?, and Ni3?(rMn4? = 0.60 Å, rCo3? = 0.63 Å,

rNi3? = 0.69 Å, and rAl3? = 0.53 Å) [38]. However, c/

a ratio is increased which results in the formation of a

stable layered structure and contraction of Ni–O inner layer

Fig. 2 TG/DTA curves of (a) undoped dry gel, (b) Al 0.05% drying gel

Fig. 3 XRD patterns of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 for

x = 0, 0.02, 0.05, 0.075, and 0.10%
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space which contributes to an increase in binding energy

and improvement in structural stability of the materials

[39].

3.2. The surface morphology

Figure 4 reveals the FESEM images of Li(Li0.21Mn0.54-

Ni0.125Co0.125-x)AlxO2 nanopowders for all percents of Al

(0.02, 0.05, 0.075 and 0.10%). All the undoped and doped

Al materials have a similar morphology, and it can be seen

that they have the assembly of cubic and hexagonal parti-

cles with nano-size particles in the range of 30–100 nm.

The particles agglomerated in all the samples are prepared

and studied here. With increased Al impurity in this

material, the size of nanoparticles seems to be decreased.

The FESEM figures also show that with the addition of

aluminum impurity in the undoped structure, the size of the

particles slightly decreases due to the less ion radius of Al

than cobalt and other elements in this material. Since small

particles present a shorter diffusion path for Li ions, the

insertion and de-insertion of the Li? in this material are

expected to be faster, thus enhancing the electrochemical

performance of this material [40].

Image tools software used for illustrating the distribu-

tion of particle size for nanopowders undoped and doped

with 0.05% Al impurity is shown in Fig. 5. Particles of

distribution for undoped nanopowders are observed in the

range of 40 nm. By adding Al, the particle size is reduced

and within the range of 30–40 nm, and with the appending

of the doping, the particle size has decreased slightly. The

EDS images of these samples (take x = 0 and 0.05% as an

example) are shown in Fig. 6. It can be seen that the Al

doping is distributed uniformly in the Al-doped samples.

The structure, morphology, and size distribution informa-

tion about undoped and doped with 0.05% Al in these

nanopowders are studied further by transmission electron

microscopy (TEM). The TEM figures of undoped

nanopowders are shown in Fig. 7 that the shape of particles

is nearly hexagonal and has the average grain size

60–100 nm. It seems that the particle size of this powder

decreases with adding Al. The results of the FTIR spec-

troscopy for nanopowders of undoped in temperature of

120 �C in oven, 500 �C and 850 �C and doped with Al

0.05% between wavelengths of 4000–500 cm-1 shown in

Fig. 8a, b. As seen in the figure, for undoped powders, one

peak was found in 3297.76 cm-1, which is related to the

hydration effect of the collected powders. After this, the

two peaks are in the position of 1486.95 cm-1 and

1436.40 cm-1, which for the first peak represents the

presence of Li2CO3 and for the second peak represents CH2

and CH3 groups. All the peaks in the range of

400–600 cm-1 represent the M–O groups of metal. In

FTIR spectra with 0.05% Al, two weak bands have been

created in the 1507 cm-1 and 1429 cm-1 and the peaks in

these regions represent the asymmetric and symmetric

stretching of –COO- group. The broadband at 3442 cm-1

is the fingerprint of hydration in the collected powder.

Peaks below 1500 cm-1 confirm the presence of metal–

oxygen in vibration frequencies [35].

Table 1 The FWHM values for of (Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 with x = (0, 0.02, 0.05, 0.075, and 0.10%) in the temperature of 850 �C

Samples 2h (�) FWHM (hkl) I(003)/I(104) D (nm)

Li(Li0.21Mn0.54Ni0.125Co0.125)O2 18.1 0.286 (003) 1.04 30.15

44 0.345 (101) 28.98

36.22 0.338 (104) 26.80

Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 (x=0.02) 18.22 0.280 (003) 0.974 30.09

44.04 0.341 (101) 29.54

36.4 0.33 (104) 26.80

Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 (x=0.05) 18.16 0.286 (003) 1.07 24.43

36.46 0.312 (101) 22.81

44.12 0.355 (104) 20.54

Li(Li0.21Mn0.54Ni0.125Co0.125-x)ALxO2 (x=0.075) 18.22 0.281 (003) 0.964 24.60

36.52 0.310 (101) 23.03

44.04 0.345 (104) 21.36

Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 (x=0.10) 18.22 0.273 (003) 0.97 25.05

36.26 0.311 (101) 22.85

44.12 0.331 (104) 22.0
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Fig. 4 FESEM images of

(a) undoped nanopowders

(b) 0.02% Al (c) 0.05% Al,

(d) 0.075% Al, and (e) 0.10%

Al
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Fig. 5 Particles of distribution for Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 nanopowders (x = 0 and 0.05%)

Fig. 6 EDS images of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 nanopowders for x = 0 and 0.05%

Fig. 7 TEM images of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 nanopowders for x = 0 and 0.05%
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3.3. BET analysis

To facilitate lithium-ion transport between the active

materials of the electrode using the electrolyte within the

cell are needed electrode porous materials. Being able to

control the porosity increases, the interactions between the

electrode and the conductive diluent increase the intra-

electrode conductivity, with adequate lithium-ion interca-

lation. Electrodes containing tin, iron, and cobalt oxides are

traditionally limited in real-world applications due to

changes in the volume causing extreme electrode degra-

dation. By introducing nanostructures into the electrode,

the porosity of the electrode material becomes increased

allowing the pores to act as buffers for the volume changes.

This porosity increases the performance of the battery,

while showcasing the importance of porosity in electrode

material development.

Nitrogen adsorption/desorption isotherms recorded for

Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 nanopowders

(x = 0% and 0.05%) are shown in Fig. 9. The Brunauer,

Emmett, and Teller surface area values obtained from the

adsorption isotherms in the p/p0 range between 0.01 and

0.28 are 8.45 m2 g-1 and 8.26 m2 g-1 for x = 0% and

x = 0.05 Al %, respectively. To ensure that any observa-

tions are not a result of differences in surface area, BET

measurements are performed on both materials. A BET

analysis of the undoped and doped with 0.05% Al

nanopowders gave very similar surface area values

implying that it is unlikely that the differences in surface

reactivity are a result of differences in surface area. Thus, it

seems reasonable to conclude that the nanoparticle for

x = 0% surface is indeed more reactive than the nanopar-

ticle doped with x = 0.05% Al. The BET surface area of

this material was found to be equal to 8.26 m2/g, for

undoped nanopowders and 8.42 m2/g with doped Al 0.05%

which is higher than that (value from 0.4 to 0.8 m2/g)

reported for Li1?z(Mn1/3Ni1/3Co1/3)1-zO2 synthesized at

900 �C [41]. The optimum surface area will depend on the

application and the desired safety margins; high rate

applications will require either higher lithium diffusion

coefficients or higher surface areas [42]. However, lower

surface areas minimize side reactions with the electrolyte,

improve the thermal stability [43], and enhance the safety

of the system, but are likely to lead to lower power

capabilities.

3.3.1. BJH analysis

The BJH theory is a method for calculating the size dis-

tribution of holes for test isotherms, by filling the pores of

the Kelvin model. By using this method, the diameter of

the holes, the volume, and the distribution of the holes can

be obtained. The distribution diagrams for the size of the

holes of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 nanopow-

ders (x = 0 and 0.05%) in the range 1–100 nm are shown in

Fig. 10. Along with this graph, the volumes, surface, and

radius of the holes related to the peak of the graphs are also

expressed. There is a broad distribution of pores with a

diameter around 2.1 nm and 1.21 nm for (x = 0 and

0.05%) samples. On further increasing the impurity Al to

Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2, nanopowders have

decreased surface area (8.2 m2/g) and also lower pore

volume.

Fig. 8 (a) FTIR spectra of Li(Li0.21Mn0.54Ni0.125Co0.125)O2

nanopowders in temperature of 120 �C oven, 500 �C, and 850 �C
(b) these nanopowders in temperature of 850 �C for undoped and

doped with Al 0.05%

R Etefagh et al.

Author's personal copy



3.4. Electrochemical performance analysis

Figure 11a, b reveals the cycle performance curves of the

lithium-rich layered Li[Li0.2Mn0.54Ni0.125Co0.125-x]AlxO2

(x = 0 and 0.05%) cathodes prepared by solgel method at a

discharge rate of 0.1C. Within the cutoff voltage range of

2.0 V and 4.8 V. As can be seen, the discharge-specific

capacities of Li[Li0.2Mn0.54Ni0.125Co0.125-x]AlxO2 for

x = 0 decrease, but the discharge capacity of x = 0.05%

becomes higher than undoped powders after about 20

cycles and was 255mAh/gr in 20th discharge capacity. The

higher is the content of Al3?, the better is the capacity

retention. It is likely that the electrochemically inactive

Al3? does not participate in redox reactions. Once Al3?

substitutes for Co3?, the content of the electrochemically

active Co3? decreases, resulting in a decrease in the

effective transition of metal ions. As the substitution of Al

for partial Co, the average radius and electrical negativity

of the transition metal ions in Ni/Mn/Co layer reduce,

which ascribed to the electronic negativity and radius of

Al3? ions are smaller than that of Co3? ions, leading to

more close interlayer structure and the particle size may

become smaller [44]. The smaller is the particle size of the

materials, the shorter is the diffusion path of the lithium

ions, which will be propitious to the de-intercalation of

lithium ions in the material to some extent. However, the

smaller particle size is more prone to agglomeration, which

would increase the diffusion resistance of lithium ions and

enlarge the specific surface area. Too large specific surface

area means higher surface energy, which is easy to initiate

some side reactions of electrolyte, especially at high tem-

perature, resulting in energy consumption [45]. Therefore,

Fig. 9 Nitrogen adsorption–desorption isotherms of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 nanopowders for (x = 0, and 0.05%)

Fig. 10 Pore size distribution (BJH) curves of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2 nanopowders for (x = 0, and 0.05%)
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an appropriate amount of Al3? doping (x = 0.05%) can

improve the stability properties of the materials [46].

4. Conclusion

In this paper, Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2

nanopowders with different percents of Al (x = 0.02, 0.05,

0.075, and 0.10%) are synthesized successfully by a solgel

method using citric acid as the chelating agent. XRD,

FESEM, TEM, FTIR, and TG/DTA were employed to

study the structure, chemical, thermal, and electrochemical

properties of prepared nanopowders. The structure results

for undoped and doped nanopowders showed the single

phase layered with the super lattice structure originating

from the monoclinic Li2MnO3, and the as-prepared

undoped and doped nanopowders have the assembly of

cubic and hexagonal particles with an average diameter of

approximately 30–100 nm in FESEM analysis and TEM

figures for undoped and doped with 0.05 Al shape of par-

ticles of them is nearly hexagonal and has the average grain

size 60–100 nm. TG/DTA measurement for nanopowders

doped with 0.05% Al and undoped nanopowders showed

values between 300 and 500 �C; a weight loss of 80% is

attributed to the thermal decomposition of the ingredients

to form Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2. FTIR

spectra of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2

nanopowders (for x = 0% and 0.05%) at 500 �C showed

peaks below 1500 cm-1 which confirm the presence of

metal–oxygen in vibration frequencies. Electrochemical

performance was investigated by the charge–discharge test

for undoped and doped with 0.05% Al. The optimum

amount of Al for the Co is x = 0.05% in consideration of

the higher specific capacity rather than undoped

nanopowders. Finally, this study is helpful for the pro-

duction of Li(Li0.21Mn0.54Ni0.125Co0.125-x)AlxO2

nanopowders with the optimum amount of Al for the Co

being x = 0.05% as cathode material for rechargeable

lithium-ion batteries.
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