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A comparative study refers to textural and electrochemical properties of different Li-ion battery
LiNiggoCo0o.15Al0050, cathode materials (denoted as NCA; being prepared by the sol-gel method using
EDTA, glycine and citric acid as complexing agents) have been reported in this work. The textural
properties of the as-prepared samples were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and powder X-ray diffraction (XRD). Characterization
results display that the resultant NCA-EDTA cathode shows the best structural integrity, the best layer
structure, and the largest lattice spacing. The initial discharge capacity of the NCA-EDTA electrode
synthesized by using EDTA as complexing agents is much larger than those for NCA-glycine and
NCA-citric acid. Meanwhile, the resultant NCA-EDTA cathode also exhibits more excellent cycle
ability than those of NCA-glycine and NCA-citric acid. In addition, compared with NCA-glycine and
NCA-citric acid samples, the NCA-EDTA still shows the largest Li* diffusion coefficient. All these
advantages related to the electrochemistry may come down to the structural advantages of the NCA-
EDTA under the assistant of EDTA in the synthesis processes.
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1. INTRODUCTION

Among currently available energy storage technologies, the rechargeable lithium ion battery
(LIB) has received considerable attention from both the academic community and industry as a power
source for hybrid electric vehicles (HEVS) and portable electronic devices due to its long cycle life and
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high energy density [1,2]. With Tesla pure electric vehicles hotting in the global market, the use of
Panasonic 18650 battery has attracted widespread attention; in which, the LiNiggoC0015Al00502
(denoted as NCA) material with very high energy density were used cathode material. In detail, its
rated capacity is 3400 mAh, being much larger than the general 18650 batteries exist in the market that
just has a rated capacity of 2600 mAh. NCA cathode materials are high-nickel ternary material, which
is usually synthesized by conventional solid-phase sintering and co-precipitation methods [3].
However, in the existing methods for prepared NCA cathode materials, uniformly mixing the raw
materials and mixing lithium appear bottlenecks, thus causing a negative impact on the performance of
NCA [4]. In a solid-phase method, when precursors are sintered between 700-800 °C, AI** is difficult
to form an excellent solid solution structure. On the other hand, upon the co-precipitation under
alkaline conditions, the appeared AI(OH); will dissolve into AlIO2™" | which is also deadly for
synthesizing excellent NCA cathode materials [5] .

C J Han et. al. have synthesized NCA cathode materials by a sol-gel method [6], results show
that the resultant LiNiggCo0g2-xAlxO, samples show the typical a-NaFeO, Layered structure when x <
0.05. Specially, with increasing Al content in the cathode materials, capacity of retention rate has
increased for LiNipgCog2xAlxO2; nevertheless, the initial discharge capacity of LiNiggC0g2.xAlxO>
with a high x value decreases slightly. Previous experimental results tell us that sol-gel method can
effectively solve the problems appeared in Al-doping; however, many factors affect the performance
of NCA material prepared by the sol-gel process, such as solvents, complexing agents, pH of solutions,
and other reasons impacting structures of materials [7,8]. Among them, complexing agents used for
preparing NCA material is fairly important but always reflected by the complexation between the
complexing agents and transition metal ions [9,10]. The difference in the complex efficiency of
different complexing agents/the transition metal ion and the difference of complexing constants of
different complexing agents all result in different reactions during the hydrolysis rate [11]. These
differences will influence the distribution of elements and materials particle size in the materials, and
then impact the structural and electrochemical properties of resultant material [12]. At the same time,
by using different complexing agents, the synthesis time is not the same for forming a dry gel [6].

With these in mind, in this paper, we attempt to use several common organic complexing
agents (such as EDTA, Glycine and citric acid) for preparing different NCA cathodes by a sol-gel
method; in addition, we expect to explore the effect of complexing agents on the structural and
electrochemical properties of resultant materials.

2. EXPERIMENTAL

Scheme 1 shows a flow chart for preparing NCA cathode materials by sol-gel method.
Stoichiometric  amounts of  Liy(CH3;COO)-2H,0, AI(NO3)3-9H,0, Co(CH3CO0),-4H,0,
Ni(CH3COO0),-4H,0 were dissolved in solvent which mixed deionized water and ethanol. The mixed
solution was formulated of 0.5 mol L™ total concentration of metal ion. EDTA, citric acid and glycine
as complexing agent were fixed to be 1: 1. The mixed solution was stirred at room temperature for 24
h and then transferred into the oil bath at 80 °C with stirring for 4 h to form a uniform sol. Finally the
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sol was dried to form a dry gel at 120 °C by controlling the stirring speed. The dry gel was heated with
a heating rate of 2 °C min™ and decomposed at 550 °C for 6 h. The powders were calcined at 800 °C
for 24 h in oxygen and then the sample was cooled slowly in the furnace to room temperature. In order
to probe the morphologies and structural constitutes of resultant samples, we have adopted the FE-
SEM (Shimadzu, Japan) and JEOL 3011 microscope (which works at an operating voltage of 300 keV
by using the Lab6 filament) for collecting the electron electronic speculum images of each as-prepared
sample. Meantime, X-ray diffraction (XRD) patterns were also performed using the Rigaku
D/max2200 (Cu-K-a radiation, 40 kV, Rigaku) for determining the phase of resultant samples.

On the other hand, for realizing the follow-up electrochemical experiments, we first mixed 85
wt.% of NCA, 8 wt.% of PVDF, and 7 wt.% of carbon black into the appropriate quantity of N-methyl
pyrolidinone (NMP) solvent. Following closely, they are uniformly daubed onto the clean aluminum
foil and then dried for at 80 °C in a vacuum drying oven 12 h. In order to assemble the batteries, Coin-
type cells (CR 2025) were used; meanwhile, lithium metal foil, 1.0 M LiPF¢ solvent (EC: DEC: DMC
= 1: 1: 1 in volume ratios) and NCA/PVDF/carbon black modified aluminum foil were used as the
anode, electrolyte and cathode, respectively. The charged and discharged tests of as-prepared cells
were carried out between the current densities of 0.2-5 C and simultaneously between 2.75-4.3 V for
comparing the electrochemical behaviors of resultant NCA cathode materials prepared with different
complexing agents. Cyclic voltammetry (CV) was operated on an Autolab electrochemical workstation
(PGSTAT-302n, Netherlands) at a scan rate of 0.1 mV s™ between 2 \V-4.8 V.
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Scheme 1. Flowchart for the synthesis of NCA cathode by Sol-gel method.
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3. RESULTS AND DISCUSSION

Figure 1 shows the SEM images for NCA-EDTA, NCA-Glycine, and NCA-Citric acid
cathodes synthesized by using different complexing agents. One can see that the secondary particle for
NCA-EDTA, NCA-Glycine, and NCA-Citric acid all have irregular morphologies and broad size
distributions(the sizes of the secondary particles are all less than 10 um). Figure 1 al-a3 illustrates the
morphology of NCA-EDTA under three different magnifications. As can be seen, the secondary
particles composed of fine NCA particles are perfect. No small nano size particles or octahedral
structures have appeared in the SEM images. However, for the NCA-Glycine, the secondary powder
consists of loose fine particles with nano size adherents on the rounded particle surface can be clearly
observed (Figure 1 b1-b3). Specially, when sintering at 800 °C, smaller primary particles will melt to
form a small number of new octahedron structures by re-crystallization. This also laterally
demonstrates that when using glycine as complexing agent, the primary particles of resultant NCA-
Glycine sample are smaller because of the complex effect of glycine to metal are weaker than EDTA.
Thus, the complex particles cannot grow up rapidly. In fact, the existence of the octahedral structures
is not conducive to electrochemical performance of NCA material [13]. At last, for the NCA-Citric
acid sample, the situation becomes worse (as shown in Figure 1 cl-c3). The structures of most
secondary powder have cracked into small particles with the sizes less than 1 um, what’s worse is that
almost each primary particle displays the typical octahedral structures. Seeing from the SEM images,
one can see that NCA-EDTA shows the best structural integrity because of the super complexing
ability between EDTA and metal atoms. The crystal structure of the NCA-EDTA, NCA-Glycine, and
NCA-Citric acid particles were investigated by XRD and shown in Figure 2. There is no any impurity
phase has been detected, the resultant NCA-EDTA, NCA-Glycine, and NCA-Citric acid samples all
correspond to the layered o-NaFeO, structure (space group, R-3m). Specially, the separations of
018/110 peaks in the XRD spectra also represent the layered character of structure and simultaneously
demonstrate the good electrochemical properties of samples.

Lattice parameters shown in Table 1 are obtained by the least squares method of unit cell
parameters. As can be seen, NCA-EDTA particles show the largest c/a value and lgos/l104 Values. The
NCA-EDTA particles display the minimum lattice parameter along the a-axis but the maximum lattice
parameter along the c-axis. The incorporation of the smaller and more polarizing AI** and Co** ion in
place of the larger Ni?* ion is the reason for the decreases of a value [14]. The increases of ¢ parameter
could due to the polarizing effect of the AI** ion in the [MO] layers, which will distort the structure
and increase the interlayer distance along c-axis. Meanwhile, its c/a ratio is also the largest, which is
due to the substitution of Al ions in the locations of Ni or Co ions and to the ionic character of the Al-
O bond [6]. Table 2 shows that several elements in NCA material with different valence ionic radius.
The main reason for this result is the uniform distribution of the precursor element and particle size
distribution so that the oxidation strength of solid-phase reaction is improved. Because the EDTA
complexation ability is the strongest, so the most stable complex was produced [15].
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Figure 1. SEM images of NCA cathodes prepared by different complexing agents: (al-a3) NCA-
EDTA, (b1-b3) NCA-Glycine, and (c1-c3) NCA-Citric acid.

For deeper understanding the microstructures of NCA-EDTA, NCA-Glycine and NCA-Citric
acid particles, their TEM and HRTEM images have been recorded in Figure 3. As shown in Figure 3
al, the TEM image of marginal part of NCA-EDTA particles displays that the edges of each small
particles are close to rounded. Meanwhile, all small particles compactly pack. This kind of structure is
conducive to the long-term stability of electrochemical activity for NCA-EDTA. However, similar to
the SEM image, TEM image of NCA-Glycine (Figure 3 bl) also shows that the secondary powder
consists of loose fine particles with nano sized adherents on the rounded particle surfaces. Specially,
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TEM image displays the typical sharp edges of NCA-Glycine (Figure 3 cl), once again proves the
appearing of typical octahedral structures. On the other hand, HRTEM images (Figure 3 a2-c2) of
NCA-EDTA, NCA-Glycine, and NCA-Citric acid particles demonstrate that lattice spacing values
decrease by the order of NCA-EDTA (3.9 A) >NCA-Glycine (3.7 A) >NCA-Citric acid (3.1 A). The
largest lattice spacing value indicates the best layered structure of NCA-EDTA than NCA-Glycine and
NCA-citric acid.
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Figure 2. XRD patterns of NCA-EDTA, NCA-Glycine, and NCA-Citric acid cathodes prepared by
using different complexing agents.

Table 1. Lattice parametersof NCA-EDTA, NCA-Glycine, and NCA-Citric acid cathodes prepared by
using different complexing agents.

a (A) c (A) c/a looa/l10a V(As)
EDTA 2.8664 14.1722 4,944 1.684 100.84
Glycine 2.8695 14.1050 4915 1.629 100.58

Citric acid 2.8691 14.1122 4.919 1.660 100.60
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At last, one can see from 003 planes of NCA-citric acids (Figure 3 c2) that a large number of
crystal defects and intergranular blurred appeared in NCA-citric acids. All these results demonstrate
that the NCA-EDTA cathode own the best crystal structures and the best structural integrity than other
homologous NCA cathodes because of the advantages of EDTA complexing agents.

Table 2. lonic radius of several elements in NCA cathode.

Ni®* Ni** Ni** Co”*  Co* Co** Al Li* O~
A 6.9 5.6 4.8 7.45 5.45 5.3 5.35 76 14

Figure 3. TEM (al-cl) and HRTEM (a2-c2) images of NCA-EDTA cathode(al, a2), NCA-Glycine
(b1, b2), and NCA-Citric acid cathode (c1, c2) prepared by using different complexing agents.

Figure 4 and Figure 5 shows the initial charge/discharge curves and cycling performances of
NCA-EDTA, NCA-Glycine, and NCA-Citric acid samples prepared by using different complexing
agent at different 0.2 and 1 C, respectively. At 0.2 C (Figure 4a), NCA cathode materials obtained
initial discharge capacity values of 175.1 mAh g™, 168.9 mAh g™ and 162.7 mAh g corresponding to
NCA-EDTA, NCA-glycine and NCA-citric acid, respectively. Meanwhile, after 30 cycles, the capacity
retention rate was 97.3%, 96.6% and 94.4% for NCA-EDTA, NCA-glycine and NCA-citric acid
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cathodes, respectively (Figure 5a). At 1 C (Figure 4b), their initial discharge capacity was 159.8 mAh
g™, 153.8 mAh g* and 141.1 mAh g™ corresponding to NCA-EDTA, NCA-glycine and NCA-citric
acid cathodes, respectively. However, their capacity retention values are 92.3%, 80.7% and 87.8% for
NCA-EDTA, NCA-glycine and NCA-citric acid after 50 cycles, respectively (Figure 5b). According to
the above test results, using different complexing agents has a greater impact on the electrochemical
performances of NCA material prepared by sol-gel method. When using EDTA as the complexing
agent, NCA-EDTA shows the best initial discharge capacity and cycle capacity retention rate.
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Figure 4. The initial charge-discharge curves of NCA-EDTA, NCA-Glycine, and NCA-Citric acid
cathodes recorded at 0.2 C (a) and 1 C (b).
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We also make comparison between our NCA-EDTA, NCA-glycine and NCA-citric acid
cathode materials with other similar cathode materials for lithium ion batteries that were described in
literature. As shown in Table 3, our optimal NCA-EDTA cathode displays similar initial discharge
capacity value but better capacity retention value to the NCA cathode synthesized by the solid-state
method [16-18]. Specially, when comparing with the NCA cathode prepared with the typical co-
precipitation method [19-21], the optimal NCA-EDTA cathode material shows not only the better
initial discharge capacity value, but also the much better cycling stability. More recently, vast study
have proved that coating NCA with a stable layer (such as: inactive metal oxide ZrO,/V,0s/SiO,,
metal fluoride, and metal phosphate) is another effective way to enhance its electrochemical and
thermal properties. Herein, when comparing with the TiO, or CeO,-coated NCA cathodes [22-24],
although our optimal NCA-EDTA cathode material shows slightly worse initial discharge capacity
value, it displays better cycling stability. Even though comparing with the commercial NCA cathode
[25], it still shows the better stability. All these results once again demonstrate that the best structural
integrity, the best layer structure, and the largest lattice spacing of the optimal NCA-EDTA cathode
contribute to not only the discharge capacity, but also the capacity retention values.

Table 3. Comparation of cell parameters of NCA-EDTA, NCA-Glycine, and NCA-Citric acid
cathodes to other reported samples.

Initial discharge Capacity Refference
Samples capacity values at 0.2 retention values at
C (mAhg?) 0.2 C (%)
LiNiog0C0015Al00s02-EDTA 175.1 97.3 This Work
LiNio0C0015Al0,0502-Glycine 168.9 96.6
LiNio.80C00.15Al005s02-Citric acid 162.7 94.4
LiNio 80C0015Al0.050; (solid-state) 178.2 91.6 [16]
LiNio 55C0015Al0.050; (solid-state) 180.4 87 [17]
Li1+2Nio 3C00.15Al0.0502 (solid-state) 170-174 <90 [18]
LiNipgCo0g 15 Tip.0502 (CO-precipitation) 136 82 [19]
LiNiogC0q 15 Tip.0s02 (CO-precipitation) 174.2 86.7 [20]
LiNio.80C00 15Al0.0s0; (Co-precipitation) 178.3 90.24 [21]
CeO,-coated LiNiosC0o15Al0,0:02 182 86 [22]
Ce0,-coated LiNiosC0o15Al0,0:02 184 86 [23]
TiO,-coated LiNiosC0o.15Al0050; 192 63.5 [24]

LiNio 5C00.15Al00505 (commercial) 187.7 85.1 [25]
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Figure 6 shows the CV curves of NCA-EDTA, NCA-glycine and NCA-citric acid cathodes.
According to the CV curves, the diffusion coefficient of lithium ions for NCA-EDTA, NCA-glycine
and NCA-citric acid cathodes have been calculated and shown in Table 3. Suppose lithium ion de-
intercalation process of cathode material is reversible, the electrode is plate electrode, and the system is
in line with a semi-infinite diffusion model. According to Randles-Sercik equation deformed at room
temperature [26]:

I, =2.69x10°n*?AAC, DV

Where: n is the number of electrons gains and losses during the reaction, which is 0.59; A is the
material surface area of positive electrode involved in the reaction (which is the ratio of surface area to
mass multiplied by the positive electrode active material calculated the average specific surface area of
the active substance 10 m” g™); v is the scan speed of cyclic voltammetry, 0.10 mV s™; Co scans
before and after the change in the bulk phase of lithium ions, its value and the gains and losses during
the reaction electron number and tap density cathode materials related to the vibration of all materials
density test value is 1.90 g cm™, C0=0.01166 mol cm™,
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Figure 5. The cycle curves of NCA-EDTA, NCA-Glycine and NCA-Citric acid cathodes recorded at
0.2C (a)and 1 C (b).
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Figure 6. The CV curves of NCA-EDTA, NCA-Glycine and NCA-Citric acid cathodes.

The recorded Lithium ion diffusion coefficients are shown in Table 4, NCA-EDTA shows the
largest lithium ion diffusion coefficient. Redox voltage difference of NCA-EDTA is small, indicating
its good redox properties. While the NCA-citric acid has the minimum diffusion coefficient, indicating
that vast octahedral single crystal structures really affect the de-intercalation distance of lithium ions
[27].

In general, the larger stable constants of complexing agent, the more stable complex product;
meantime, the rate of hydrolysis reaction will become slow; which can decrease the average particle
sizes of precursors and cathode materials. Those small particles will melt and grow along with the re-
crystallization of crystal grains into the octahedral structure in the solid phase reaction process. As
shown in Figure 1c1-c3, vast octahedral structure can further increase the lithium ion de-intercalation
distance [28], affect the electrochemical properties of NCA cathode material. One can see from the
charge-discharge characteristics curve and cycle performance that NCA-EDTA cathode material
displays the best electrochemical properties.

Table 5 shows the physical and chemical properties of several complexing agents. It is clear
that the hydrogen bond acceptors and hydrogen bond donors of EDTA, glycine, and citric acid are not
the same. At the same time, their complexation stability constants are also different when interacting
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with Co®*, Ni** and AI**. Specially, the complex stability constant is the largest for EDTA interacting
with the metal ion compared with those for both citric acid and glycine complexing agents.

Table 4. The CV data of NCA-EDTA, NCA-Glycine and NCA-Citric acid samples prepared by
different complexing agents.

Ppa Ppc A(”p Ipa A Dii
(V) (V) (W (mA) (cm?) (cm’*s™)
EDTA 3.79 3.68 0.11 251 65.74 8.11x101
Glycine 3.78 3.68 0.10 2.03 79.91 4.34x10™
Citric acid 3.85 3.68 0.17 2.40 61.24 3.58x1071

Table 5. Physical and chemical properties of several complexing agents.

EDTA Glycine Citric acid
Formula C10H16N20g CoHsNO, CeHgO7
Molecular weight 292.24 75.07 192.12
Hydrogen donor number 4 2 4
Hydrogen receptor number 10 3 7
A" 1 16.11 4.71 15
Co*" 1 5.23
Co?* 2 16.1 9.25 13.34
Complex stability Co?* 3 10.76
constant
Ni?* 1 6.18
Ni®* 2 18.56 11.14 15.4
Ni?* 3 15.00

Thus, EDTA shows the strongest complexing capacity, but those for glycine and citric acid
moderate are weaker. In addition to the impact on the balance of the main reactor complex; the
hydroxide precipitation, acid effect, and coexistence ion reaction may also have a greater influence on
the rate of complexation reactions. Scheme 2 illustrates a complex of factors influence the reaction
equilibrium [29]. The higher [H*], smaller [Y] and smaller oY (H) will more severely affect the acid
reaction; when the higher [OH"] and more aM(OH), precipitation reaction also become more cruel, the
above two cases are not conducive to the main complex reaction carried out [30]. EDTA and citric acid
have four hydrogen bond donors, but EDTA owns more hydrogen bond donors. According to the
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theory of coordination chemistry, citric acid has the largest complex stability with AI** and the AI**
coordination number was 6, forming the octahedral structure of d’sp® miscellaneous. Ni** and Co*" is
dsp? miscellaneous chemical bond to form a flat tetrahedral structure. Thus, more octahedral particles
have appeared for NCA-Citric acid (as shown in Figure 1 c1-c3), which will increase the diffusion path
of lithium ions and is not conducive to electrochemical property [31].
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Scheme 2. Effect of complexation reaction equilibrium factors.

4. CONCLUSIONS

In this paper, NCA cathodes have been prepared by sol-gel method. We have studied the
influence of complexing agents (i.e. EDTA, glycine and citric acid) on the structures and morphologies
of the resultant products. Experimental results show that although the NCA-EDTA, NCA-glycine, and
NCA-citric acid samples prepared by different complexing agents all display the layeredo-NaFeO,
structures, their morphologies are completely different from each other. More single crystal octahedron
can be found in the NCA-glycine and NCA-citric acid samples, but there is no any octahedron
structure has been found in the NCA-EDTA. Electrochemical test results show that the NCA-EDTA
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shows the maximum initial discharge capacity, the best charge-discharge cycle performance and the
largest diffusion coefficients, which is due to the following factors: (1) EDTA shows the strongest
complexing capacity, thus, EDTA and metal ions show the best complex stability and the NCA-EDTA
particles can grow to perfect secondary particles. (2) As the super complex stability of EDTA and
metal ions, the dissolve and re-crystallization processes become very weak, which will prevent the
generation of octahedral structures for NCA-EDTA. (3)The resultant NCA-EDTA shows the largest
lattice spacing and the best layer crystalline structure. All these advantages of will make sure the
largest initial discharge capacity, the best charge-discharge cycle performance and the largest diffusion
coefficients of NCA-EDTA.
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