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Electrochemical performance of cathode active materials (CAMs) is dependent on
the properties of coprecipitated precursors (pCAMs). This is a sensitive process
affected by several reaction parameters such as temperature, pH, concentration of
reactants, agitation rate, and residence time. In this paper, the effect of parameters
influencing the particle size growth and the physical properties, such as particle
morphology and tapped density, was studied in the coprecipitation of Ni(OH),.
Formation of a homogeneous population with narrow particle size distribution
was observed, followed by a more heterogeneous population of dense particles.
Ammonia concentration and residence time had significant effects on particle size
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1 Introduction

Lithium-ion batteries (LIBs) are extensively used in portable
electronics and electric vehicle (EV) applications due to their
high energy, power density, and enhanced cycle life compared
to other rechargeable batteries, such as lead-acid or NiMH bat-
teries [1]. Pure LiNiO, (LNO) is a promising candidate as a
cathode material in Li-ion batteries, as it is Co-free and has a
high theoretical capacity of 274mAhg™" [2-5]. The electro-
chemical properties of cathode materials may be taylored dur-
ing the coprecipitation of precursors by applying procedures
such as, e.g., doping with varying elements [6] and by copreci-
pitation of precursors having concentration gradients of transi-
tion metals within the secondary particles [7].

Key LNO properties are tailored prior to lithiation during
the coprecipitation of precursor Ni(OH), [4]. In addition to its
chemical composition, these include tapped density (porosity),
particle size, and secondary particle size distribution. These
morphological features of the active particles are usually deter-
mined during the synthesis of Ni(OH), [8].

Several possibilities are available for making LNO, such as
coprecipitation, sol-gel synthesis [9], and solid-state reactions
at high temperature [10]. Coprecipitation is the industrially rel-
evant method and is considered in this paper. During the
coprecipitation, several parameters are present simultaneously,
affecting the particle size growth and particle morphology [11].
The optimization of precipitation parameters may be challeng-
ing and time-consuming because some parameters may influ-
ence another. For example, changing the pH may alter the con-
centration of ammonia and thus affecting the concentration of
transition metal ammine complexes [12]. Also, the change of
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growth and morphology, but agitation rate also had an impact.
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agitation rate may alter the effective volume of a reactor, thus
affecting the residence time of the process. Therefore, opti-
mized coprecipitation conditions may be considered as a com-
promise for several parameters applied for a certain reactor
configuration.

In this paper, the effect of reaction conditions on the copreci-
pitation of nickel hydroxide cathode precursor material was
studied. In the series of coprecipitation experiments, the impact
of process variables, such as reactant concentration, ammonia
concentration, residence time, and agitation rate, was studied.

2 Experimental
2.1 Coprecipitation of Ni(OH),

Spherical Ni(OH), precursors were synthetized using alkali
metal hydroxide (NaOH) coprecipitation in an inert gas (nitro-
gen) atmosphere, according to literature references [13,14].
Inert gas was used to prevent the oxidation of precursor. Pre-
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cipitation was conducted in a continuous-flow stirred-tank
reactor (CSTR) with a reactor volume of 3 L at temperatures of
40, 50, or 60 °C under vigorous agitation (Fig. 1) using different
agitation rates. The key parameters during the coprecipitation
included temperature, pH, agitation rate, residence time, as
well as hydroxide, ammonia, and metal solution concentra-
tions.

Figure 1. Continuous stirred-tank reactor used for coprecipita-
tion.

The reactor was preloaded with deionized water; then, aque-
ous solutions of metal sulfate NiSO4-6H,0O, NaOH, and con-
centrated ammonia were fed separately to the reactor using
peristaltic pumps. The ammonia concentration in the solution
was measured frequently during the precipitation and it was
adjusted based on the target ammonia concentration during
the experiment.

Particle size growth during Ni(OH), coprecipitation was fol-
lowed by determining the particle size distribution of the slurry
sampled from the reactor’s overflow tubing. The solution was
heated to a precipitation temperature, and the pH was adjusted
to a desired level with NaOH solution. The feeding rates of
nickel sulfate, NaOH, and ammonia solutions were adjusted to
maintain the desired residence time. After coprecipitation, the
precursor slurry was filtered in a vacuum, and the precipitate
was carefully washed with a sufficient amount of warm deio-
nized water. The synthetized Ni(OH), precursors were dried
overnight at 60 °C in a vacuum oven.

2.2 Characterization of Ni(OH),

The tapped density was measured using an Erweka SVM 222
tapped density analyzer according to the ISO EN 787/11 stan-
dard. The evolution of particle size distribution during copreci-
pitation was followed using a Malvern Mastersizer 3000. The
ammonia concentration of the mother liquor was analyzed by
automatic titration using a 1 mol L™ HCI solution. Field emis-
sion scanning electron microscopy (FESEM) images of the par-
ticle microstructure were obtained on a Zeiss Sigma at the
Centre for Material Analysis of the University of Oulu, operat-
ing at 5kV.
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3 Results and Discussion
3.1 Effect of Temperature on Precipitation

Coprecipitation is typically done at temperatures of 40-80 °C.
The temperature is known to have a significant effect on copre-
cipitation kinetics of transition metal hydroxide materials [15].
In this study, the impact of precipitation temperature was first
studied using temperatures of 40-60°C. The morphology of
the precipitated Ni(OH), particles was followed and is pre-
sented in Fig. 2.

Figure 2. Effect of precipitation temperature on the morphol-
ogy of precursors.

According to FESEM imaging, the higher precipitation tem-
perature led to the formation of more closely packed primary
particles. At the highest precipitation temperature, cracking of
the secondary particles was observed. The obtained particle
morphology presented in Fig.2 is comparable to that reported
earlier by Yang et al. [11]. The determined tapped density val-
ues for the precursors precipitated at different temperatures are
given in Tab. 1. They were consistent with visual observations.

Table 1. Tapped density values for the Ni(OH), precursors pre-
cipitated at different temperatures.

Precipitation temperature [°C] Tapped density [gcm™]

40 1.86
50 2.00
60 2.07

The most homogeneous particle size distribution with ac-
ceptable tapped density was achieved at a coprecipitation tem-
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perature of 40 °C. Higher temperatures, especially 60°C, re-
sulted in the cracking of the secondary particles. Therefore,
based on the observations made in Fig. 2, the precipitation tem-
perature 40 °C was selected to further studies.

3.2 Effect of Coprecipitation Conditions on Particle
Size Growth

During the reaction, Ni(OH), precipitation occurred as fol-
lows:

Metal—ammonia complex formation:
24 . 2+ ( 1)
Ni*" + nNH; — [Ni(NH;), |

Metal—hydroxide precipitation reaction:
[Ni(NH;),]*" + 20H — Ni(OH), + nNH, @

The formation of transition metal hydroxide precursors
from a metal sulfate solution involves several physicochemical
phenomena. Due to their high solubility product, transition
metal sulfates readily dissolve in water. If the pH of the solution
is increased by adding NaOH, transition metal hydroxides are
precipitated. In the case of impure solutions, impurity phases
may form [16] in the presence of transition metals and group
II/T1I metals.

Particle size growth during Ni(OH), coprecipitation (Fig.4)
at 40 °C was followed by determining the particle size distribu-
tion as described in Sect. 2.1. During the first stage of the pre-
cipitation process, a particle population with a homogeneous
size was formed. As the population grew, the particles appeared
to be dense and spherical, resulting in a narrow particle size
distribution. The growth of the first particle population is pre-
sented in Fig. 4 (coprecipitation time to 22 h) and in Fig.5 (6 h,
12h, and 18h). After a certain precipitation time, depending
on the process conditions, a second population of small par-
ticles is formed (Fig. 3, precipitation time of 24 h; Fig. 5, 24 h).
The formation of the second particle population can also be
seen as a bimodal particle size distribution curve (Fig. 3).
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Figure 3. Bimodal particle size distribution after 30 h of precipi-
tation (D50: 5 um; tapped density: 2.1 g cm™).

The growth of the first population subsequently slowed
down and finally ceased. Lastly, the system reached particle size
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Figure 4. Evolution of Ni(OH), particle size distribution as a
function of precipitation time at 40 °C.

Figure 5. Evolution of particle size distribution as a function of
precipitation time (6-33 h).

distribution equilibrium. Due to the continuous nucleation and
formation of primary particles, the system was composed of
small and highly porous agglomerates, secondary particles at
various growth stages, and dense particles that reached their
maximum size, resulting in a fairly broad particle size distribu-
tion. In this continuous process, the system reached a steady
state (Fig. 5, precipitation times of 30-33 h). After 33 h of pre-
cipitation, the particles were dense, with the tapped density of
2.1gem™.

The growth of the first particle population and the formation
of a steady-state particle size distribution in a continuous co-
precipitation is presented in Fig.5. The observed particle
growth is in accordance with results reported by Zheng et al.
[17].
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3.3 Effect of Ammonia Concentration

As illustrated in Fig. 6, a higher ammonia concentration nota-
bly increased the growth rate of the secondary particle popula-
tion. Unlike in the case of a lower ammonia concentration, the
first particle population grew continuously without the sponta-
neous formation of a second population. Due to the higher
ammonia concentration, small primary particles probably
underwent dissolution/reprecipitation reactions similarly as in
Ostwald ripening. The formation of the second particle popula-
tion was initiated by decreasing the ammonia concentration in
the mother liquor. Thus, in a CSTR precipitation process, the
particle size and particle size distribution can be tailored by
carefully controlling the ammonia concentration and pH level.
Additionally, the residence time also affects the primary parti-
cle size growth. The shorter the residence time is, the higher is
the growth rate of secondary particles. The increased growth
rate may be due to a higher nucleation rate, which provides
more building blocks for the growth of secondary particles.
The growth of the first particle population stopped with a
decreasing ammonia concentration in the mother liquor, which
is in line with Barai et al. [12].

10
—+—0.8 mol/L ammonia —=—0.4 mol/L ammonia
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Figure 6. Effect of ammonia concentration on particle size
growth rate.

3.4 Effect of Agitation Rate

Precursor properties, i.e., forming of the aggregates and the
growth of the aggregates, are highly dependent on the agglom-
eration mechanism due to particle collisions taking place in the
reactor. The fluid motion is determined by the reactor layout
and the type and rate of applied agitation [18].

Homogeneous mixing is much easier to achieve in a labora-
tory-scale reactor than in larger-scale reactors. The linear
velocity of the fluid must be greater than the settling velocity of
the particles. Of course, particle size and settling velocity of the
particles do not scale with the size of a reactor. High specific
power input (high agitation speed) improves mixing and the
homogeneity of particle suspension in the reactor. However,
particle damage is an unwanted effect that is related to high
agitation rates. Therefore, mixing has to be a compromise
between appropriate homogeneity of the suspension (high agi-
tation rate preferred) and avoidance of unadvantageous pro-
cesses like particle damages (low agitation rate preferred).
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The effect of applied agitation energy on the tap density
and specific capacity has been reported by Pu et al. [19].
Increased agitation energy has a positive effect on tap den-
sity, but too vigorous agitation results in decreased specific
capacity properties. Agitation is one possible parameter to
control the particle growth and particle size distribution. By
raising the agitation energy, the particle size can be decreased
when approaching a steady state in a continuous coprecipita-
tion process (Fig. 7).
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Figure 7. Effect of agitation rate on the particle size growth.

3.5 Effect of Residence Time

In a coprecipitation process, precursor particles develop from
an amorphous material to dense and spherical secondary par-
ticles having a mean particle size of several micrometers. Under
appropriate reaction conditions, the growth of secondary par-
ticles take place in radial direction, thus resulting in the pres-
ence of radially orientated crystallites inside the particle [20]. A
radial growth of a secondary particle observed in the present
study is presented in a cross-sectional SEM image in Fig. 8.

Figure 8. Radially orientated crystallites in a secondary particle.

A shorter residence time enhanced significantly the growth
rate of the first particle population during the first hours of the
precipitation as demonstrated in Fig.9. The increased growth
rate may be due to higher nucleation rate, thus providing more
“building blocks” for the growth of secondary particles.

www.cet-journal.com
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Figure 9. Effect of residence time on the growth rate of the first
particle population in a continuous coprecipitation.

In a continuous coprecipitation process the residence time
has a significant effect on the tap density and the morphology
of precipitated secondary particles (Fig. 10).

N NN
N PR NW

Tapped density (g/cm?)

| i
[E - NN )

0 1 2 3 - 5 6

Residence time (h)

Figure 10. Effect of residence time on tap density in a continu-
ous coprecipitation.

Under the used coprecipitation conditions, residence times
that are shorter than 2.5h resulted in unwanted properties of
the product. In such cases, the average residence time in the
reactor is too short for the secondary particles to achieve the
desired physical properties such as spherical morphology and
high tap density.

4  Conclusions

The aim of the present paper was to study the effect of reaction

parameters on the coprecipitation of nickel hydroxide cathode

precursor materials. In a series of coprecipitation experiments,
the effect of process variables, such as reactant concentration,
ammonia concentration, residence time, and agitation rate, was
studied.

The main conclusions of this research are as follows:

- A homogeneous particle population with a narrow particle
size distribution is always formed before a steady state. A
semi-batch type coprecipitation can be applied to produce
high-quality precursor particles. In a steady-state precipita-
tion, a heterogeneous particle population was formed vary-
ing from small, porous particles to large and dense particles,
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thus resulting in the broadening of the particle size distribu-

tion.

- The concentration of ammonia had a significant effect on
the growth rate of precursor particles. Furthermore, by ad-
justing the ammonia concentration of the mother liquor the
formation of a new particle population can be controlled.

- The residence time has a notable impact on the physical
properties of the product particles. Shortened residence
times resulted in a product with smaller particle size, but
also significantly decreased tap density values as well as re-
sulted in poorer morphology of the particles. In CSTR pre-
cipitation with short residence times, a sufficient concentra-
tion of ammonia is essential in order to achieve proper tap
density for the product. The size of the product particles can
also be affected with an efficient agitation in the precipita-
tion reactor.

Although knowing a well-known disadvantage of having
numerous conjugated precipitation variables that affect the
quality of the product, CSTR precipitation can be used for the
production of precursor material with desired properties by a
strict control of the precipitation conditions.
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Symbols used

D10 [pm] 10 % of particles are smaller than
the given D10 value

D50 [pm] 50 % of particles are smaller than
the given D50 value

D90 [pm] 90 % of particles are smaller than
the given D90 value

Abbreviations

CAM cathode active material

CSTR continuous stirred-tank reactor

LIB lithium-ion battery

LNO lithium nickel oxide

pCAM precursor for cathode active material

SEM scanning electron microscopy
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Research Article: A precursor
determines the properties of cathode
active material in batteries. Physical
properties like particle morphology and
tapped density can be controlled by
optimized precipitation conditions. The
effect of precipitation parameters, i.e.,
temperature, pH, molar ratios of
reactants, agitation rate, and residence
time, on the formation of dense,
homogeneous, and spherical secondary
I particles is evaluated.
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