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ABSTRACT

This paper reports an enhanced retention-rate of LiNip.gCoo.15Al0.0502 (NCA) cathode material for Li-ion
batteries synthesized with glycerol as a solvent and a reactant. Glycerol is a fuel and the heat released
during synthesis could be considered as an additional free source of material preparation. SEM images and
XRD result show an early stage of crystallization of the produced powder. Early crystallization in the NCA
material at low temperatures was believed to hinder cationic mixing that would occur at higher
temperatures during calcination. As a result, cycling of the NCA material shows a very stable capacity. The
NCA material displays 97% capacity retention at 1C (1C = 200 mA/g) after 50 cycles, 87.6% at 0.3C after

100 cycles, and 93.6% at 0.1C after 70 cycles, which are better than those reported previously.
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Introduction

Up to now, many synthesis approaches, such as co-precipitation[1,2], sol-gel method
[3], solution combustion [4] and solid state reaction[5], have been tried to prepare the
LiNio.8C00.15Al0.0s02 (NCA) cathode material to be used in lithium ion batteries (LIBs).
Despite all the progress made in synthesis techniques, one of the most challenging
problems is still to make an NCA material stable enough for commercial-scale
applications.

Sol-gel synthesis route is one of the promising techniques that have been used widely to
synthesize different Li-ion cathode materials. Although recent studies have not paid
much attention to the sol-gel techniques to synthesize NCA cathode materials, this
synthesis approach is still considered an efficient way to prepare nanoscale materials.
Such techniques make an effective way to transform the highly soluble chemical
compounds into chemically reactive forms of hydrated oxides during hydrolysis
processing [6]. These hydrated oxides show considerable stability in the solution, which
makes reproducibility of the materials possible, and the final products are easily
purified, which in turns gives rise high chemical quality of the final products. However,
there still some limitations of using the sol-gel technique nowadays because of the
smaller secondary particle size that is produced by using water as a solvent.

Our previous work with using glycerol instead of water in this regard shows bigger
particle size and better electrochemical activity compared with other proposed cathode
materials [7,8]. In this communication, we report an NCA cathode material synthesized

using glycerol. The glycerol is beneficial, unlike water, in forming crystalline structures at
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earlier stages in the synthesis, as observed in scanning electron microscopy (SEM) and X-
ray diffraction (XRD). This is believed to reduce the cationic mixing during calcination of
the powder at high temperatures. Consequently, the produced powders show very high

retention-rate during cycling.

Experimental

NCA powders were synthesized by using a previously developed method,[7,8] in
which stoichiometric amounts of Li (CH3C0O0),-2H,0, Ni (CH3C00),-4H,0, Co
(CH3C00)2-4H,0, and Al (NOs)3-9H,0 were dissolved in glycerol as a deep eutectic
solvent (DES) precursor at 80 °C with stirring. The DES precursor has a metal salt to
glycerol molar ratio (M*/Glycerol) of 1:3. To this DES precursor solution, cornstarch is
added as a gelling agent at the same temperature with continuous stirring with a molar
ratio (M*/cornstarch) of 4:1. The gel forms afterward and the heating temperature was
increased to 400 °C to obtain a dry NCA powder. The dry powder was then pelletized
and introduced to a high temperature furnace for heat treatment of 750 °C for 12 hr in
air at a heating rate of 5 °C/min. The calcined powder was grounded and used for
further characterization studies.

The crystalline structure for the NCA powder was characterized by using XRD
with the following measurement conditions: nickel-filtered Cu ka radiation (kal =
1.5405980 A and ka2 = 1.5444 A) and 26 values ranging from 10° to 90° with a scan rate
of 0.02°/s. The particle distribution and morphology were detected by using An

Environmental Scanning Electron Microscope (SEM, FEI Quanta 600 FEG).
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The electrochemical tests were all done by using 2032 coin-type cell, that was
assembled in an argon-filled glove box (MBRAUN). The coin-type battery consists of a
cathode material (positive electrode), anode material (negative electrode), a porous
polypropylene separator (Celegard) between the two electrodes, and the electrolyte.
The cathode material was made as follows: 80% active material, 10% polyvinylidene
fluoride (PVDF), and 10% carbon black. The three materials were mixed first with a
suitable amount of N-methyl-pyrrolidone (NMP) and then cast over an aluminum foil.
The wet slurry then was dried in a furnace at 60 °C for 2 hr, followed by another drying
in a vacuum furnace at 120 °C for 12 hr. A 7/16 inch of the dried cast is punched out and
pressed between two aluminum meshes at 10 kN prior to the final battery assembly in
glovebox. The lithium foil was used as the anode material in the size of % inch (circular
shape). And the electrolyte was a mixture of 1M LiPF¢ dissolved in dimethyl carbonate
(DMC) and ethylene carbonate (EC) at a volume ratio of 1:1.

The assembled cells were charged and discharged in an Arbin battery tester
(Model BT-2043) at constant current densities of 0.1C for the initial cycle (1C = 200
mA/g), 0.3C and 1C for 100 cycles over the voltage range of 2.7-4.3 V. The rate capability
was carried out at different current densities of 0.1C, 0.2C, 1C, 2C and 5C over the same
voltage range. Camry Reference 3000 potentiostat was used to collect cyclic
voltammetry between 2.7-4.3 V at 0.1 mV/s scanning rate, and the impedance

measurement (EIS) was over a frequency range from 1 MHz to 0.01 Hz.
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Results and discussion

SEM images of the dry powder and the calcined powder are displayed in Figure 1. The
results of the dry powder before calcination show that there are pre-crystalline
nanoparticles. The calcined powder (at 750 °C for 12 hr) show hexagonal and
rectangular prismatic nanorod shape with size ranging from 0.26 to 0.80 um.

Figure 2 (a) and (b) are the XRD patterns for both the dry powder and the calcined
powder. As seen in Figure 2(a) there are clear crystalline peaks appeared at different
diffraction angles, which are believed to be Li,CO3z and NiO. As the powder has been
calcined at high temperatures, the peaks become more evident as shown in Figure 2 (b).
For the calcined powder, the diffraction peaks can be indexed to a well-define layered
structure of a-NaFeO; type with a space group of R-3m.

One of the most well-known issues in the layered structure material is the cationic
mixing. The NCA material has 80% Ni, and as addressed in the literature Ni** is hard to
be completely oxidized to Ni3*, resulting in the presence of Ni** in the NCA material
[9,10]. The similar size in ionic radii of both Li* and Ni** would trigger Ni** migration to
the Li layer, impeding Li* diffusion during the charge/discharge processes [11]. The
intensity ratio of /j003)//104) in the layered structure was found to be related to the
cationic mixing, and the value above 1.2 indicates a lower cationic mixing and vice versa
[12]. The intensity ratio of 1.38 was found in our NCA material, indicating that the
synthesized material has a low degree of cationic mixing. A clear hexagonal structure of
the NCA material can be defined based on the distinct splitting peaks of (006)/(102) and

(018)/(110) [13]. These results suggest that the synthesized powder using the DES
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precursor has a much better cationic ordering, and the initial crystallization of the
powder can mitigate the cationic mixing at high temperatures.

To demonstrate the electrochemical stability and performance, electrochemical tests
are conducted in the voltage range of 2.7-4.3 V as displayed in Figure 3. The initial
charge-discharge curves at 0.1C are presented in Figure 3(a). The NCA material delivers
an initial discharge capacity of 174.82 mAh/g. Further tests were conducted at different
rates of 0.3C and 1C for 100 cycles, as shown in Figure 3(b).

The results show very high capacity retention rates of 87.6% at 0.3C (163.00 mAh/g at
1%t and 142.88 mAh/g at 100"") and 87.3% at 1C (131.92 mAh/g at 1t and 115.22 mAh/g
at 100™). The rate capability of the cell is carried out at different current densities and
returns to the 0.1C for 70 cycles (60-120%™ cycle) with superior capacity retention of
93.6% as shown in Figure 3(c).

The high stability of the NCA cathode material could be attributed to the better cationic
ordering of the NCA cathode material using glycerol, which diminishes cationic mixing
when crystalline structures are formed at early stages in heat treatment as explained
earlier. Comparing with other NCA cathode materials made using different methods,
this synthesis approach using a DES precursor has shown an appreciated improvement
in electrochemical performance as can be further seen in Table 1.

Figure 4 (a) shows the voltammograms of the NCA material in the potential range of 2.7-
4.3V (vs. Li*/Li) at 0.1 mV/s for the 1%, 2" and the 10™ cycles. There are three anodic
and three cathodic peaks observed in this Figure. The peaks are attributed to the phase

transitions from the hexagonal phase to the monoclinic phase, the monoclinic phase to
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the hexagonal phase, and the hexagonal phase to the hexagonal phase during the
charge/discharge processes [14—16]. The electrode polarization is minimized as it moves
from the 15t cycle to the 2"® and then the 10™" cycles, indicative of larger reversibility of
Li+ during the intercalation/ deintercalation processes [17]. Notably, the second and
third oxidation peaks are more evident in the 10™ cycle than the 1%t and 2" cycles. This
could be attributed to the lowest cationic mixing that associated with the highest
reversibility in phase transitions [18]. Figure 4(b) illustrates the electrochemical
impedance spectra (EIS) for the NCA cathode material at fully discharged state of 2.7 V
after the 10™ cycle. The charge resistance (Rq) of the cathode material shows a very low

resistance of 13.4 Q after the 10 cycle.

Summary

Layered NCA cathode material synthesized by using glycerol solvent was shown to have
very good retention rate. The electrochemical results show 97/87.3%, 87.6/93.2%
discharge capacity retention after 50/100 cycles at 1C and 1/3C, respectively in the
voltage range between 2.7-4.3 V. After cycling the cell at different rates for 50 cycles
and going back to 0.1C discharge rate, 93.6% of the 51 discharge capacity has been
retained at the end of the 120%™ cycle. The superior performances are ascribed to the
well-ordered metal oxides with less cationic mixing and higher reversibility, which is a

result of early crystallization in the NCA material synthesized using glycerol as solvent.
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Figure Captions List

Fig. 1 o The SEM images of the dry powder (a), and the sintered one at 750 °C for
12 hr (b).
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Table 1. Comparison of NCA cathode material electrochemical performance with previous work.

Synthesis method Retention Rate Reference
Ball-milling 80.9%, 1C at 100 cycles [19]
Co-precipitation 79.9%, 0.5C after 100cycles [20]
Co-precipitation 86.1%, 1C at 60 cycles [21]
Solid-state at 750°C/24 h 77.36%,1C at 60 cycles [22]
Solid-state at 750°C/24 h 92%, 1C at 60 cycles [23]
Sol-gel at 800°C/24 h 91%, 0.5C at 50 cycles [3]

DES precursor at

93.6%, 0.1C at 50-120 cycles This study
750C/12 h

93.2% and 87.6%, 0.3 C at 50 and 100 cycles

97% and 87.3%, 1C at 50 and 100 cycles
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