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Abstract

In this work, the layered compound of LiCo0.525Ni0.475O2, (LCNO) was prepared by self-propagating combustion
reaction for the cathode of lithium-ion battery. We used self-propagating combustion reaction to prepare the compound of
LiCo0.525Ni0.475O2, (LCNO) as a cathode material of lithium-ion battery, then we added Graphene (G) to LCNO as additive
to obtain LCNO/G (LCNOG). Graphene weight is (4 %) of the total weight of LCNO, in a typical preparation, 10 g of LCNO,
0.4 g from G and 200 ml of ethanol were stirred together at room temperature to reach full dryness. We used thermo-gravimetric
analysis (TGA) to determine the optimum range of annealing temperatures of LCNO and LCNOG. The value found were (650,
750 and 850) ◦C for 12 h in air. Changes in the structural and morphological properties were also studied.

The structural properties of LCNO and LCNOG powder were studied by means of X-ray diffraction (XRD), Field Emission
Scanning Electron Microscopy (FE-SEM), Energy Dispersive Spectrometry (EDS), Atomic Force Microscopy (AFM) and a
Vibrating Sample Magnetometer (VSM). XRD analysis shows that all the powders are crystallized in the Space group R-3m,
crystal system is trigonal (hexagonal axes) and present a random orientation and surface morphology of the LCNOG powder
consists of Nano-crystalline grains with uniform coverage of the substrate surface with randomly oriented. XRD analysis
showed that all the powders are crystallized in the Space group R-3m, crystal system is trigonal (hexagonal axes) and present
a random orientation. Surface morphology of the LCNOG powder consists of Nano-crystalline grains with uniform coverage
of the substrate surface with random orientation. Hysteresis behavior analysis proved that the powder possessed soft magnetic
properties. Thermo-gravimetric analysis showed that the best annealing temperature and duration that leads to particles in the
range several nm of the targeted composition are 750 ◦C for 12 h.
c⃝ 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the TMREES, EURACA, 2019.
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1. Introduction

Li-ion batteries (LIBs) are one of the most common electrochemical energy storage systems at present, which
have been widely used in areas from portable electronics to electric vehicles [1,2]. The main objective of global
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energy sustainability aims at the interchange of all fossil fuels (oil, coal, natural gas) with renewable energy
sources (geothermal, hydrogen, batteries, etc.) [3]. The physical and chemical properties of electrode materials
are considered to be the main factors to the energy density and effectiveness of LIBs. In general, the concentration
of electrons (or holes) in the semiconductors is small, so that the magnetic exchange interactions are super exchange
interactions [3–5]. That is why it is an important tool to characterize the sample, by detecting impurity phases or
local defects.

One of the probable solutions to lithium ion batteries problems is to improve electrode materials. Since graphene
has many unique properties like large surface to mass ratio, good chemical stability, and has very high electrical
conductivity it was used by researchers to improve energy storage devices [6]. therefore many studies were done
with graphene to improve the performance of solar cells [7], fuel cells [8], supercapacitors [9], Li-air batteries [10]
and Li-ion batteries (as an additive to electrode [11,12]). So it has normally been considered as an ideal target for
forming composite materials used as electrodes in Li-ion batteries.

An allotrope of carbon, graphene is a 2-D sheet material, made completely out of carbon atoms. It is only one
atom in thickness as shown in Fig. 1.

Fig. 1. Crystal structure of graphene compound [13].

It consists of sp2-hybridized carbon atoms organized in a honeycomb crystal lattice. It is a 2-dimensional
structure, meaning that every atom of graphene can be considered as a surface atom [14]. Since graphene is made
out of a single atomic layer of carbon, lithium ions can be put between two layers of graphene to make Li2C6, an
excellent electrode material (with a specific capacity of 744 mAh g−1) compared to traditional carbon anodes [15]

Graphene synthesize is done by two common methods: (the top-down and the bottom-up) method. In the top-
down method, grapheme monolayers are obtained by separating the stacked graphite layers. To do so, one must break
the van der waals forces joining the carbon layers [16]. However, there are some challenges with this method such
as: defects of the surfaces of the graphene sheets and the discreteness of the sheets. That means that this approach
offers low yield [16]. In the bottom-up approach, carbon molecules are used as building blocks [17]. However this
approach is also not suitable to produce graphene sheets with a large surface area. The most common graphene
production method was the mechanical cleavage of graphite. This method produces graphene with high-quality
sheet and low defects [18]. Another effective method is chemical vapor deposition (CVD) [19,20]. All the above
mechanism are low yield and require long time, but the mechanical cleavage methods help in the effective and full
exploitation of these materials [21]. The graphite exfoliation is a suitable alternative method to synthesize graphene
with high yield, low cost [22], furthermore it can be improved.

Improved Li-Ion electrodes allow for the storage of more lithium ions and increase the battery’s capacity. Thus,
the life of batteries containing graphene can essentially be longer than that of conventional batteries [23].

Energy is considered as one of the most important topic nowadays. Li-ion batteries (LIBs) are one of the most
common rechargeable energy storage systems and are widely used in various fields such as (portable electronics,
hybrid electrical vehicles, electrical cars etc.) [1]. The main theme of global energy supports is the exchange of all
fossil fuels with renewable energy sources. Various cathode materials were presented like LiCoO2 [24,25], LiMn2O4,
and LiFePO4 [26], however, their disadvantages like (high cost, toxicity and low operating voltage) [27], led the
researchers to work seriously on improving and developing other alternative material for cathodes. In this paper we
added Graphene (G) to LiCo0.525Ni0.475O2, (LCNO) in order to improve the properties of cathode material.
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2. Experimental work

LiNO3, Co(NO3)2 · 6H2O, Ni(NO3)2 · 6H2O and C6H6O7 of high purity (99.99%) were procured from Harris
Chemicals Corporation in England. We used different weights set up as (6.8941 g of LiNO3, 15.2740 g of Co(NO3)2

· 6H2O and 13.808 g of Ni(NO3)2 · 6H2O. All nitrates were dissolved in deionized water and kept under magnetic
stirring for 15 min at room temperature, then heated on hot-plate for 30 min [28–30] at 100 ◦C. Then the mixture
was put in the furnace at 400 ◦C for 15 min to completely combust.

The combustion reaction is a chemical reaction affected by factors such as (the reactant materials and the rate
of impurities in it). The combustion reaction takes place in two steps. During the first one the water evaporates and
the mixture becomes more viscous [31,32]. The combustion starts when the water decreases to a critical point and
the temperature raises to the threshold value. This corresponds to the amount of energy that must be provided to
start the reaction. The second step begins when the reaction produces (hydroxide and nitric acid) due to the metals
nitrates dissolved in water. Then intermediate compounds forms due to the addition of citric acid.

Thermal analysis of the powder sample was made using Thermo-gravimetric Analysis (TGA) STA-PT1000 from
Lenses Germany. The factors of measurements were set up at (heating rate 10 ◦C/min with a constant atmospheric
pressure). The use of TGA is to determine the optimum temperature at which impurities are removed as well as
phase formation and crystallization.

X-ray diffraction (XRD-6000) using 2θ , operating at 40 kV and 30 mA, X-ray Cu Kα (1.540600 Å), was used
to analyzed LCNOG mixture. Field Emission Scanning Electron Microscope (FE-SEM); MIRA3 TESCAN, helped
investigating the topographies of the LCNOG mixture. Atomic Force Microscope (AFM) (Angstrom USA, Spm3000
system) was used to determine the particle size distribution. The magnetic properties were determined by a vibrating
sample magnetometer VSM (Model VSMF 7407).

3. Results and discussion

Fig. 2. shows the TGA analysis curve that indicates a continuous decrease of mass with temperature. We
considered three points on the plot for support analysis. The first point was set at 100 ◦C for which the mass
loss was (4.98 mg) with an endothermic peak resulting from the evaporation of residual water in LCNOG mixture.
At about 541 ◦C the second mass loss occurred that corresponded to an exothermic peak, when all the unreacted
materials combusted. A pure phase of the material formed at the third point at 700 ◦C [26,28–33]. Lithium oxide
is decomposed at annealing temperatures higher than 850 ◦C. A structurally bestead compound may be formed at
these high temperatures when excluded long annealing hours.

Fig. 2. Results of the TG for LCNOG material.

Depending on the TG analysis we chose (650, 750 and 850 ◦C) as annealing temperatures to treat LCNOG
powders. Accordingly, powders were categorized P650, P750 and P850.
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We used the X-ray energy dispersive spectroscopy (EDS) to detect the elements of the material as shown in
Fig. 3. We found that the weight percentages of Co, Ni, O and C were 32.41, 26.86, 35.80 and 4.92 respectively.
The results of EDS are in agreement with XRD results [29,34–36].

Fig. 3. Energy dispersive spectrum of LiCo0.525Ni0.475O2/ graphene (LCNOG ) cathode active material.

The X-ray diffraction spectra for pure and doped LCNOG before and after annealing are reported in Fig. 4.
Generally, all the X-ray patterns showed high intensity peaks that indicate a good crystallinity in the annealed
simples. Additionally, all samples exhibited similar peaks.

Fig. 4. XRD patterns of (a) LCNO before annealing (b) LCNOG before annealing (c) LCNO at 650 ◦C (d) LCNOG at 650 ◦C (e) LCNO
at 750 ◦C (f) LCNOG at 750 ◦C (g) LCNO at 850 ◦C (h) LCNOG at 850 ◦C.

The diffraction patterns can be indexed with the LiNiO2 pattern (ICDD no 98-003-4550). The materials have the
hexagonal α- NaFeO2 structure with R-3 m space group, which is also the same structure as LiCoO2. The diffraction
patterns indicated that all the materials are pure and single phase. No impurity peaks are observed. Before annealing,
the peak of graphene was detected at 2θ ∼ 26.6◦ corresponding to a d-spacing of 0.335 nm which is close to the
graphite d-spacing. After the annealing, the peak of graphene was not seen very clearly. This may be attributed to
the low doping concentration of graphene and to the high peaks intensity of LCNO after annealing.

The X-ray spectra of LCNOG before and after annealing show main peaks which were located at about 2θ =

(18.841, 37.110, 38.129, 38.767, 44.823, 49.063, 65.781, and 78.647) and were attributed to LiCoO2 (003), (101),
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LiNiO2 (006), LiNiO2 (012), (104), (015) and LiCoO2 (113) and (116), respectively, this agrees with the result
obtained by Kalyani et al. 2005 [37].

By using SEM images we described the topographic and particle distribution in LCNOG as shown in Fig. 5a–c.
It was observed that the size of the formed particles is between 5 and 150 nm. In addition, when the annealing
temperature increases the particles aggregate and their sizes increases too as shown in Fig. 5.

Fig. 5. FE-SEM images of LCNOG materials at different annealing temperature (a) 650 ◦C (b) 750 ◦C (c) 850 ◦C.

At high annealing temperature, the particle size increases while the distances between the particles become
smaller and more regular as shown in Fig. 5. These results were in agreement with Ref. [36]. LCNOG may have
promising electrochemical features, which can be improved by decreasing the diffusion and the distances between
the particles.

By using Atomic Force Microscopy (AFM) as shown in Fig. 6 We obtained a 3D of the topographical structure
of (LNCOG) for the samples with annealing temperature (650, 750 and 850) ◦C. The area scanned was about 3 µm
× 3 µm.
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Fig. 6. 3D reconstructed images of AFM micrographs of LCNOG at different annealing temperature. (a) 650 ◦C (b) 750 ◦C (c) 850 ◦C.

Fig. 6a–c show a 3D images for the surface roughness which was 0.24 nm for sample at annealing temperature
640 ◦C up to 0.39 nm for 850 ◦C. From this results we found that the average particles size was equal to 78.3, 82.5
and 93.6 nm for (650, 750 and 850) ◦C respectively. May be the high annealing temperature caused the increase
of surface roughness and of the average particle size.

When the annealing temperature increases the material gains larger energy amounts and ion diffusion increases,
which leads to higher probability to form large particles and agglomerates [38–40].

Fig. 7 shows the measured hysteresis loops of LCNOG powders at different annealing temperatures (650, 750
and 850) ◦C and a comparison with hysteresis loops of LCNOG (target).

Magnetic permeability (µ) is fixed in the proportionality between the magnetic induction and intensity of the
magnetic field. The higher magnetic permeability (µ) of the material corresponds to an increased conductivity of
the magnetic lines of force, and vice versa. It refers to the ease with which the outer M can build a higher magnetic
force than the attraction in matter. In general, the materials can be classified into (Diamagnetic, Paramagnetic or
Ferromagnetic). Diamagnetic materials: provide opposition to external magnetic fields, Para-magnetic materials:
are weakly attracted by external magnetic fields and Ferro-magnetic materials: are strongly attracted by external
magnetic fields. (µ) of Ferro-magnetic materials is significantly greater than a vacuum, and as a result, they are
used in building magnetic cores in magnetic circuits.

From the results, it can be observed that the LCNOG powders are paramagnetic and magnetization factor gained
at 0.8 emu/g in ±15kOe external field [34,37].

The Saturation Magnetization (Ms), and Residual Magnetization (Mr) decreases with the increase in the particle
size while the coercivity force (Hc) decreases with the increase in the annealing and heating temperatures.
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Fig. 7. Hysteresis loops of LCNOG powder annealing at (650, 750 and 850) ◦C and as target before annealing.

4. Conclusions

1- Magnetic measurements indicate that the improved ferromagnetic properties and improved magnetic proper-
ties are attributed to the increased Ni and Co-ferrite formation at a given combustion condition.

2- It can also be concluded that best conditions of LiCo0.525Ni0.475O2/G (LCNOG) powder prepared by self-
propagating combustion reaction for cathodes of micro-lithium ion batteries correspond to an annealing
temperature of 750 ◦C.
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