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Spherical and dense metal hydroxides were synthesized with a coprecipitation reaction in the presence
of aqueous ammonia. The growth of the particles was studied by tracking the tap density and morphology
with reaction time. The dependence of pH on the tap density and morphology of the particles synthesized
in the coprecipitation reaction was determined for Ni(OH),, Ni;;,;Mn,,,(OH),, and Ni;;3Mn,;3Coy;3(OH),
The pH range at which particle growth occurred varied for the different metal hydroxides. Solving the
chemical equilibria present in the coprecipitation reaction revealed that the pH range at which spherical
particle growth occurred was due to the presence of metal coordinated with ammonia. On the basis of
the experiments and analysis presented here, the metal hydroxide particle growth occurs by a

dissolution—recrystallization type mechanism during synthesis.

Introduction

Many studies have been carried out on the synthesis of
dense, spherical hydroxides by using a coprecipitation
reaction in the presence of ammonia. These include the
preparation of dense, spherical nickel hydroxide to be used
in nickel metal hydride batteries.'~'° Dense, spherical metal
hydroxides have also been made with mixed metals, includ-
ing nickel, manganese, and cobalt (NMC)."'"! NMC hy-
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droxides are precursors to lithium-NMC oxides, positive
electrode materials for lithium-ion batteries.?’~2

The typical growth mechanism for the synthesis of dense,
spherical hydroxide particles in the presence of ammonia
has been presented by several researchers.>®%!923 These
researchers state that the metal ions from the incoming salt
solution first coordinate to the ammonia present in solution,
and then are slowly released to the basic solution to yield
dense, spherical hydroxide particles. A general scheme of
this reaction is given below.

M*" + nNH, — [M(NH,), |**

[M(NH,),]*" + 20H™ — M(OH), + nNH,

In the present study, the growth of metal hydroxide particles,
including NI(OH)Q, N11 /2MH1/2(OH)2, and Ni1/3MI11/3C01/3(OH)2,
in the presence of ammonia is studied. A new mechanism for
dense, spherical hydroxide particle growth is presented.

Experimental Section

Reagents used in this investigation included nickel(Il) sulfate
hexahydrate (98%, Alfa Aesar), manganese sulfate monohydrate
(Alfa Aesar, 98%), cobalt sulfate heptahydrate (Alfa Aesar, 98%),
sodium hydroide (Alfa Aesar), and ammonium hydroxide (28.0—
30.0%, Sigma-Aldrich). All solutions were prepared with deionized
water that was deaerated by boiling for 10 min.

A coprecipitation reactor with a 2 L jacketed reaction vessel
equipped with pH and temperature controllers was used in this
investigation. Reagents were added using digital peristaltic pumps
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Figure 1. XRD patterns of Ni(OH),, Ni;,Mn;,(OH),, and
Ni;;3Mn;;3Co,/3(OH),. The solid curve in each panel is the calculated pattern
using Rietveld profile analysis and the parameters listed in Table 1.

(Masterflex L/S 07524) and sodium hydroxide addition was
automatically controlled by the pH controller and added as required
by a peristaltic pump on the reactor. Reaction contents were
maintained at a temperature of 60 °C and the contents of the reactor
were stirred by an overhead stirrer at 1000 rpm. Nitrogen was
bubbled (60 sccm) into the reactor throughout the reaction.

The pH meter and electrode (Mettler-Toledo InLab 424) were
calibrated at 60 °C using buffer solutions. The pH values of the
buffer solutions were 7.0 at 60 °C (Fisher Scientific) and 11.1 at
60 °C (Fixanal, Riedel-de Haén). When required, the pH electrode
was rinsed with dilute HCI to remove deposited hydroxide.

A volume of 1 L of a 1 M NHj(aq) solution made in deaerated
water was heated to 60 °C. The reaction proceeded with the addition
of 10.0 M NHj(aq) at 0.005 L/h and 2.0 M MSO, (M = Ni, Co,
and/or Mn in desired ratios) at 0.035 L/h. A concentration of
5.0 M NaOH was automatically added to the reaction contents to
maintain the desired pH. The rate of NaOH solution addition was
near the predicted value of 0.02 L/h based on the expected
coprecipitation reaction.

The reaction vessel was fitted with an overflow pipe and the
reaction contents were pressurized with nitrogen to ensure a constant
volume during the reaction. The residence time, given by the total
flow rate of the reagents and the reactor volume, was set to be
10 h. After reaction, the solid material was filtered and washed
with 3 L of deaerated deionized water in several rinses.

A Siemens D5000 diffractometer equipped with a Cu-target
X-ray tube and a diffracted beam monochromator was used to
collect powder diffraction patterns of the synthesized materials. A
Hitachi S4700 field-emission scanning electron microscope (SEM)
was used to image the materials. Tap densities were determined
using a VanKel tap density measuring device. A 25 mL graduated
cylinder and 1000 taps were used.

Results and Discussion

Figure 1 shows examples of X-ray diffraction (XRD)
patterns for Ni(OH),, Ni;»,Mn;,,(OH),, and
Ni;;3Mn;;3Coy5(OH), as prepared in this study along with
calculated patterns using Rietveld profile analysis with the
Reitica software.>* The calculations used space group P3m
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Table 1. Hexagonal Lattice Constants and z-Position of the Oxygen
Atom Calculated for Ni(OH)z, Nil/le'll/z(OH)z, and
NiysMny;3Co043(OH),

material 20 a () c (&)
Ni(OH), 0.239 3.128 4.643
Ni;,Mn,»(OH), 0.252 3.224 4.705
Ni1/3MH1/3C01/3(OH)2 0.247 3.207 4.688

with metal atoms in la sites and oxygen atoms in 2d sites.
The refined lattice constants and oxygen positional param-
eters are given in Table 1. Figure 1 shows that the Bragg
peak positions match those of the calculated hydroxide
pattern and that oxidation to oxyhydroxide has not yet
occurred.

We used the anisotropic broadening capability of the
Reitica software in order to simulate the broad and narrow
peaks most evident in the Ni(OH), sample. The half-width,
H, of the peaks is represented by

H =U+U

anis

ytan® 6 + Vtan 6 + W)'? )

where U, is given by

U

anis

= U,cos 2¢ (2)

and ¢ is the angle between the (001) reciprocal lattice vector
and the (hkl) reciprocal lattice vector, and U, U,, V, and W
are adjustable parameters. This expression preferentially
broadens the (00L) peaks relative to the (hk0) peaks. Peaks
with mixed in-plane and out-of-plane character are broadened
to an intermediate extent. Although this does not capture
the physics of stacking faults properly, it is sufficient to allow
an acceptable fitting of the X-ray diffraction profile.

It is believed that the particles have homogeneous cation
content: the lattice constants of the hydroxides depend
strongly on Ni, Mn, and Co content,”> whereas the X-ray
patterns show sharp (especially (100) and (110)) Bragg peaks
suggesting homogeneous materials.

Nickel hydroxide was prepared in the presence of aqueous
ammonia. Samples of the synthesized nickel hydroxide were
extracted throughout the reaction. Figure 2 shows the
dependence of the tap density of the sample on the reaction
time. The tap density of the nickel hydroxide follows an
asymptotic curve, increasing to 2.1 g cm ™ after 20 h.

Figure 3 shows the dependence of particle morphology
on the reaction time. The nickel hydroxide secondary particle
grows during the reaction. As well, there are smoother
surfaces of the secondary particles at higher reaction times.
The increase in tap density with reaction time can be
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Figure 2. Tap density of Ni(OH), as a function of reaction time (pH
11.0).
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Figure 3. SEM images of Ni(OH), a function of reaction time for (A) t =
2h;B)r=5h;(C)t=10h; (D) t = 15 h; and (E) r = 20 h (pH 11.0).
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Figure 4. Dependence of tap density on pH of Ni(OH),, Ni;»Mn;,»(OH),,
and Ni;sMn;;3Co;3(OH), for t = 5 h.

attributed to (1) the increase in tap density of the secondary
particle evident by the smooth surfaces at higher reaction
times; (2) thickening of the plate-like primary particles,
decreasing the porosity of the secondary particles and (3)
the decrease in irregular-shaped particles, which would lead
to effects such as bridge formation, lowering the overall tap
density of the sample.

Figure 4 shows the effect of pH on the tap density of
Ni(OH),, Nij»Mni(OH),, and Nj;;3Mn;;3Co13(OH),. A
relatively short reaction time of 5 h was used, which gave
relatively low tap densities for the hydroxide samples. In
the case of Ni(OH),, high tap density materials can be made
at pH values of 11.4 or less. At pH values greater than 11.4,
there is a large decrease in tap density, which indicates that
dense, spherical particles cannot be synthesized at these pH
values. For Ni;»,Mn;»(OH), and Ni;;3sMn;;;Co;,3(OH),, dense,

van Bommel and Dahn

spherical particle growth occurs at pH values of less than
10.2. Manganese and cobalt have an effect on the pH value
that is required for dense, spherical particle growth in the
presence of aqueous ammonia.

Figure 5 shows the SEM images of Ni(OH), prepared at
various pH-values. All morphologies at pH values of 11.4
and lower indicated dense, spherical particle growth. The
Ni(OH), sample prepared at a pH value of 11.8 shows that
spherical particle growth is not taking place.

The dependence of the required pH for hydroxide particle
growth on the metal(s) was studied by investigating the
chemical equilibria present during the reaction. The equi-
librium constants used were the equilibrium constants for
coordination of ammonia to the metal ions, the base
dissociation constant of aqueous ammonia, the solubility
product of the metal hydroxide, and the water dissociation
constant.?® Table 2 shows the relevant equilibria and the mass
balances for Ni(OH),, Mn(OH),, and Co(OH),. For clarity,
the coordinating water molecules (as in[M(H,0),]*") are not
indicated. These equilibria were solved for various pH-values
with the total metal concentration (Cyp2+) and total ammonia
concentration (Cny,) as 2 and 1 M, respectively for various
pH values. It should be noted that the equilibrium constants
were all for 25 °C, whereas the reaction temperature in the
experimental study was 60 °C.

The concentrations of all relevant species were determined
as a function of pH value. Figure 6 shows the effect of pH
on the concentration of the sum of all metal-ammonia
complexes ([M(NH3),]*") for nickel, manganese, and cobalt.
Nickel shows coordination with ammonia at pH 4—12,
whereas manganese and cobalt coordinate with ammonia in
a smaller pH range: pH 6—10. This is in agreement with the
experimental data: Figure 4 shows that manganese and cobalt
containing hydroxides form materials with higher tap densi-
ties at lower pH-values than the pH values needed to
synthesize spherical and dense Ni(OH),. Considering that
spherical particle growth only occurs with interaction of
metal and ammonia, manganese and cobalt-containing hy-
droxides require a lower pH value than nickel-containing
hydroxides for ammonia coordination, and therefore, for the
conditions for spherical particle growth.

In view of the growth of hydroxide particles with time,
the dependence of particle morphology on pH, and analysis
of the relevant equilibria present in the coprecipitation
reaction, the authors suggest an alternate growth mechanism
for spherical hydroxide growth in the presence of aqueous
ammonia. Rather than a metal ion first coordinating with
ammonia and then being slowly released to the basic solution,
the growth of hydroxide particles is due to the equilibrium
between metal hydroxide particles and aqueous ammonia
solution. In this mechanism, the metal hydroxide has an
effective increased solubility in the presence of aqueous
ammonia. This is shown in the equilibrium below.
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Figure 5. SEM images of Ni(OH), synthesized for r = 5 h with a pH value of (A) 10.6, (B) 11.0, (C) 11.4, and (D) 11.8.

Table 2. Equilibria and Mass Balances Solved to Determine the
Concentration of Species Present in the Reactor at Various pH Values

log K

equilibrium reaction K Ni Mn Co
M?*" + NH; = [M(NH3)]** K, 2.81 1.00 2.10
M2* + 2NH; = [M(NH3),]*"  K» 5.08 1.54 3.67
M?" + 3NH; == [M(NH3);*" K 6.85 1.70 4.78
M2* + 4NH; = [M(NH3),]*" K, 8.12 1.3 5.53
M?" 4 5NH; = [M(NH3)s]*" K 8.93 5.75
M?" + 6NH; == [M(NH3)s]*"  Ks 9.08 5.14
NH; + H,O = NH," + OH™ K, —4.80 —4.80 —4.80
M(OH), = M*" + 20H"~ K, —1522 —1270 —14.89
H,0 = H" + OH" K, —14 —14 —14

mass balances
Gt = [M** ] + [Ni(OH),] + [M(NH;),** ] + [M(NH;);** ] +
[M(NH3),** ] + [M(NH3)s*" ] + [M(NH3)¢>" ]
Cnu, = [NH3] + [M(NH;)*" ] + 2[M(NH3),*" ] + 3[M(NH3)s>" ] +
4[M(NH3)4** ] + 5[M(NH;)s*" ] + 6 [M(NH;)s*" ]

M(OH), + nNH, = [M(NH,),]*" + 20H"

The strength of dissolution of metal hydroxide has been
shown to be dependent on the pH of the reaction, which
varies depending on the metal involved. Spherical hydroxide
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Figure 6. Effect of pH on the concentration of [Ni(NH;),]**, [Mn(NH3),]**,
and [Co(NH3),]*". The curve is the sum of the concentrations for complexes
with1 <n < 6.

particle growth in the presence of aqueous ammonia therefore
is due to a dissolution—recrystallization mechanism. In such
a mechanism, small particles will be consumed in favor of
larger particles to minimize surface free energy.

Conclusions

Spherical and dense nickel, manganese, and cobalt-containing
hydroxides can be prepared in the presence of aqueous
ammonia. The growth of the metal hydroxide occurs throughout
the reaction time, which results in higher tap-density material.
The conditions for particle growth depend on the pH of the
reaction, which varies for different metal hydroxides. The pH
values required for spherical hydroxide growth varies since the
pH range at which coordination to ammonia occurs is different
for nickel, manganese, and cobalt. The spherical particle growth
is due to the increase in solubility of the metal hydroxide in
the presence of aqueous ammonia. Spherical particle growth
in the presence of ammonia takes place by a dissolution—
recrystallization mechanism.

The analysis of chemical equilibria present during the
coprecipitation reaction can be used as a prediction of the
materials obtained. For example, spherical particle growth
is unlikely to occur with salts that have metal cations that
do not coordinate with ammonia. For the case where the
metal does coordinate with ammonia, the pH values at which
the concentration of metal—ammonia coordinated complexes
can be calculated. If chemical equilibria calculations are
carried out at a variety of temperatures and reagent concen-
trations, this could be a powerful tool in the prediction of
the characteristics of the hydroxide material.
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