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Abstract Nickel-rich layered oxide cathode materials with the chemical formula of LiNigsC0o:1Mng10;
(NCM) are increasingly utilized in the electric vehicle industry owing to their high energy density and high
capacity. Although increasing the nickel concentration would enhance the chemical reaction between the surface
layer and Li*/Ni?* cationic mixing, the structural and thermal stability of the cathode material would be degraded.
The single crystallization strategy of the particles can improve the structural stability and electrochemical
performance of the cathode materials; however, their mechanism is not well understood yet. In this research, a
computational model was proposed to show that by reducing the pH and controlling the amount of
supersaturation, the nucleation rate of hydroxide particles and consequently the number of formed nuclei would
decrease. Based on the results of this model, the numbers of hydroxide nuclei formed at the end of co-
precipitation synthesis at pH 11.5, 11, and 10.5 were, respectively, 5.73, 4.3, and 2.27 times the number of nuclei
formed in co-precipitation synthesis at pH 10. According to the observations, by reducing the pH during the
synthesis process from 11.5 to 10, the fine particles produced in the system will be completely transformed into
larger crystals, thus tending to become single crystals. As a result, the problems of the cathode/electrolyte
intermediate layer will be minimized. The results of this model can justify the experimental results obtained by
other researchers who synthesized single-crystal cathode materials.
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1. INTRODUCTION

Many parameters, such as pH, ammonia
concentration,  reaction temperature, inlet salt
concentration, feed flow rate, stirring speed, reaction
time, and reactor design, determine the morphology and
chemical properties of the hydroxide precursors in the
coprecipitation synthesis process [1-3]. Different
morphology (shape, particle size, and tap density) as
well as the structural stability of the hydroxide precursor
cause differences in the electrochemical properties of
LiNixCoyMn,0, layered cathode material [4]. Ternary
cathode materials LiNiggC001Mno10, are usually
synthesized as polycrystalline particles. First, the
primary hydroxide particles nucleate and grow and then,
as the primary particles aggregate together, the
secondary particles become spherical. The secondary
spherical particles of these polycrystalline materials
create a new impedance during the charging process due
to the formation of Cathode/Electrolyte Interface (CEI)
and cation mixing in the cracks, which damages the
capacity of this polycrystalline ternary cathode material.
The single crystallization strategy of the particles can
improve the structural stability and electrochemical
performance of LiNigsC001Mno10; ternary cathode
materials. Single-crystal cathode materials have an
anisotropy structure that can effectively reduce the

micro-strain created during crystal lattice changes. The
better mechanical strength of single crystal particles can
prevent the expansion of microcracks during cycling,
reduce the side reactions that occur between the active
material and electrolyte in the cathode material, and
finally create a single crystal ternary cathode material
with excellent and stable cyclability [5].

pH is one of the most influential parameters in
coprecipitation synthesis. It is possible to create
hydroxide particles of different sizes and cathode
materials with other electrochemical properties by
controlling the pH. Li et al. [6] synthesized
Nio.6Mng2C0o2(OH), hydroxide precursor with suitable
particle size to prepare single crystal oxide cathode
material by adjusting the pH in the co-precipitation
process. Zhang et al. [5] reported that by lowering the
pH during the synthesis, nickel-rich
Nio.sC00.1Mno1(OH), single crystal cathode precursor
would exhibit better cyclability and performance than its
synthesized counterpart at constant pH.

In this research, a computational model was proposed
to clarify the mechanism of the particle size variation
upon decreasing pH during synthesis. According to the
proposed computational model, reducing the pH and
controlling the supersaturation ratio would decrease the
nucleation rate of the hydroxide particles. Consequently,
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the number of formed nuclei is low as a result of which,
the produced microparticles in the system can be
completely transformed into larger crystals, hence their
tendency to single-crystal formation.

To confirm the modeling  results, two
NiosC001Mno1(OH), hydroxide precursors were
synthesized at two different pHs of 10 and 11.5. The
results from the computational model and experiments
showed that by reducing the pH during synthesis as well
as controlling the supersaturation ratio and the number
of formed nuclei, the hydroxide precursor formation
with the desired particle size and tap density was made
possible. According to the conducted experiments and
computational model results, reducing the pH during
synthesis leads to the formation of the hydroxide
precursors with the desired morphology and tap density
by controlling both the supersaturation ratio and the
number of formed nuclei. On the contrary, the results of
this model can justify the results obtained from recent
research on the synthesis of single-crystal cathode
materials.

2. MATERIALS AND METHODS
2.1. Computational methodology

Once the equilibrium relations are combined with the
mass balance ones, two sixth-order polynomial
equations with two unknown [M?*] and [NH3] are
obtained. Followed by solving the equations based on
the Newton—Raphson nonlinear method, the values of

_ M(OH):
@ V=NiCoMn

pH controller

Stirrer

[M?*] and [NHs] are obtained. As a result, the
concentration of the ammonia metal complex,
nucleation rate, and number of synthesized hydroxide
nuclei can be determined at any time of synthesis.

2.2. Experiments

In this study, practical experiments were carried out to
evaluate the results of the computational model. The
metal sulfate solution (MSQ,) with a concentration of 2
mol/L was pumped into the reactor, where M stands for
the transition metal: Ni (0.8), Mn (0.1), and Co (0.1).
The pH inside the reactor was maintained constant by
injecting the required amount of sodium hydroxide
solution (NaOH). Concomitantly, the NH4OH solution
was separately pumped into the reactor at a fixed rate.
Ammonia acts as a chelating agent and prevents the
formation of impure phases. To ensure satisfactory
mixing of reactants and products, the reactor was
constantly stirred at the speed of 1000 rpm. After
synthesis, the precipitate was filtered and washed
several times with distilled water to remove the residual
ions. The precipitate was dried overnight at 100 °C to
obtain a metal hydroxide precursor. The morphology
and particle size of the synthesized powders were
observed using a Field Emission Scanning Electron
Microscope equipped with an energy-dispersive X-ray
spectrometer (FESEM, TESCAN, Mira3-XMU). Figure
1 shows the schematic of the batch co-precipitation
synthesis reactor.
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Figure 1. A schematic diagram of a batch co-precipitation synthesis reactor

3. RESULTS AND DISCUSSION

As the concentration of ammonia in the reactor
increases, the amount of metal ammonia complex would
also increase. In this condition, if there is a sufficient
amount of OH" in the reactor, the metal ammonia
complex reacts with OH" as a result of which, hydroxide
nuclei will be formed. On the contrary, if OH" is
insufficient, the metal ammonia complex remains in the

solution in the reactor and after the end of the synthesis,
it leaves the reactor in the form of blue effluent. Figure
2 shows the nucleation rate of hydroxide particles in the
computational model. At the concentration of 0.5 mol/L
ammonia, pH has a negligible effect on the nucleation
rate. In the case of increasing the ammonia
concentration, pH plays a key role in that with its
increase from 10 up to 11.5, the nucleation rate and the
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number of nuclei formed contribute to a significant
increase in the reactor.
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Figure 2. Nucleation rate of Nio.sMno.1C0o.1(OH)2 hydroxide precursor at different pH values and ammonia concentration

Figure 3 shows the number of hydroxide nuclei
(calculated by the model) in co-precipitation synthesis
at different pH values. Based on the results of this
model, the numbers of hydroxide nuclei formed at the
end of co-precipitation synthesis at pH 11.5, 11, and
10.5 are, respectively, 5.73, 4.3, and 2.27 times the
number of nuclei formed in co-precipitation synthesis at
pH 10. Therefore, it can be concluded that by reducing
the pH value during the synthesis process from 11.5 to
10, the microparticles produced in the system will be
completely transformed into larger crystals, thus tending
to become single crystals. As a result, the problems of
the cathode/electrolyte interface are minimized which
can justify the experimental results from the study
conducted by Zhang et al. [5] on improving the
electrochemical performance of the synthesized cathode
material when the pH is reduced from 11.5 to 10.5

during the synthesis. Therefore, based on the calculation
model and synthesis results, it is suggested to start co-
precipitation synthesis at pH 11.5 mainly because at this
pH, as shown in Figure 3, the highest number of primary
hydroxide nuclei are obtained, which, due to the high
surface energy, aggregate together to form secondary
particles. When the first packages of the secondary
particles are created by lowering the pH of the reactor,
the formation of new nuclei can be controlled so that the
formed microparticles have enough time to grow. As the
pH gradually decreases from 11.5 to 10, the secondary
particles are formed that are composed of larger primary
particles than in the synthesis at the constant pH of 11.5.
In contrast, the size of the secondary particles does not
increase. As a result, the tap density of the particles will
not decrease, and Cathode/Electrolyte Interface (CEI)
problems will be less.
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Figure 3. The number of NiosMno.1C00.1(OH)2 hydroxide precursor nuclei during the synthesis process
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