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Abstract

Using CoCl, - 6H,0 and AlICl, as starting materials, NaOH as a precipitant, and
diethanolamine as a coating agent, submicron spherical CoAl,O, pigments were
synthesized via a hydrothermal method. The effects of reactant concentration,
nCo/nAl molar ratio, and diethanolamine addition amount on the phase compo-
sition, particle morphology and size, and coloration of the synthesized pigments
were investigated using XRD, TEM, and colorimetric analysis, and the mecha-
nism of spherical particle formation under diethanolamine coating control was
analyzed from the perspective of crystal growth kinetics. The results demon-
strate that when the Co?" concentration is 0.05 mol/L, the nCo/nAl molar ratio
is 1:2, and the diethanolamine addition amount is 12% (V/V), submicron spher-
ical CoAl,O, particles can be prepared, with most particle sizes ranging from
100-230 nm. The added diethanolamine can directionally adsorb at the vertices
and edges during grain nucleation and growth, generating a steric hindrance
effect that causes the particles to develop into a spherical morphology.
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ABSTRACT

Submicron spherical CoAl204 pigments were hydrothermally synthesized us-
ing CoCl, - 6H,O and AICl; as raw materials, NaOH as the precipitant and
diethanolamine (DEA) as capping agent, respectively. The effect of the con-
centration of raw materials, the ratio of nCo/nAl and the amount of DEA on
the phase composition, particle size and morphology as well as the chroma of
the as-prepared pigments was investigated by means of XRD, TEM and calori-
metric analysis. The results show that submicron spherical CoAl,O, pigments
with size in a range of 100-230 nm could be synthesized under the conditions
of nCo/nAl = 1:2, Co?* concentration 0.05 mol/L and DEA 12% (V/V). The
formation of spherical particles was analyzed from the point of view of kineti-
cally controlled crystal growth in the presence of DEA. It follows that during
the nucleation and growth process of the crystalline particles, DEA molecules
can be adsorbed onto the edges and vertices of the particles in a highly oriented
manner thus causing steric hindrance, which enables the spherical growth of the
crystalline particles to be possible.

KEY WORDS inorganic non-metallic materials, spherical CoAl,O,, hy-
drothermal method, diethanolamine, capping agent

Spinel-type CoAl,O, exhibits strong coloration ability and stable color develop-
ment, making it an important inorganic blue pigment. High-value cobalt blue
pigments have become a research and application focus in the industry. Hy-
drothermally synthesized CoAl,O, crystals typically develop well-defined edges
and clear facets, which is unfavorable for pigment mixing and printing. In con-
trast, fine spherical particles provide better mixing and printing performance.
Therefore, synthesizing spherical CoAl,O, pigments holds significant theoretical
importance and broad application prospects.

In hydrothermal synthesis, capping agents are commonly introduced to control
crystal morphology and size. Capping agents are typically surfactants that ad-
sorb directionally on crystal surfaces in solution, forming an oriented capping
layer. The adsorption of capping agents exhibits energy and facet selectivity,
reducing surface energy and thereby influencing crystal growth. Consequently,
introducing appropriate capping agents in hydrothermal synthesis can guide
preferential crystal orientation, regulate growth rates of different facets, and
control particle size and morphology. Dinesh Rangappa et al. synthesized ap-
proximately 10 nm pseudo-tetragonal CoAl,O, under supercritical hydrother-
mal conditions using cobalt and aluminum sulfates as starting materials, NaOH
as precipitant, and caproic acid and n-hexylamine as capping agents. Cao Chun’
e et al. prepared spinel-type CoAl,O, with particle sizes around 80 nm using
cobalt and aluminum chlorides as raw materials, NaOH as precipitant, and a
mixture of triethanolamine and glycerol.

Fabien Hubert et al. noted that short-chain surfactants as capping agents yield
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spherical or short rod-like products. Among amine surfactants, short-chain
primary, secondary, and tertiary amines can control crystal morphology. Tri-
ethanolamine, a tertiary amine, is an effective capping agent for hydrothermal
synthesis of spherical CoAl,O,. Diethanolamine, a secondary amine, possesses
similar properties. Therefore, this study employs diethanolamine as a capping
agent to prepare CoAl,O,, investigating the effects of reactant concentration,
the molar ratio of CoCl, - 6H,0 to AlCl; (nCo/nAl), and diethanolamine addi-
tion amount (volume fraction) on the synthesized CoAl,O, pigments.

1.1 Sample Preparation

Based on preliminary experimental results, the following process parameters
were selected: filling degree of 70%, pH value of 13, reaction temperature of
230°C, and holding time of 20 h. The effects of reactant concentration, nCo/nAl
ratio, and diethanolamine addition amount on the synthesized CoAl,O, pig-
ments were investigated under diethanolamine control.

Cobalt chloride (CoCl, - 6H,O, analytical grade) and aluminum chloride (AlCly,
analytical grade) were weighed according to the desired ratio and dissolved
in 30 ml deionized water. While maintaining constant temperature stirring
at 20°C using a magnetic stirrer, 3 mol/L NaOH (analytical grade) solution
was added dropwise. After complete precipitation, different volume fractions
(V/V%) of diethanolamine were added, and stirring continued for 30 minutes.
Additional NaOH solution was then supplemented to control the precursor pH
at 13. The precursor was transferred into a 100 mL autoclave at 70% filling
degree and maintained at 230°C for 20 h to synthesize CoAl,0,. After reaction
completion, the product was washed with deionized water and dried at 80°C
to obtain pigment samples. The effects of reactant concentration, nCo/nAl
ratio, and diethanolamine addition amount were investigated separately. To
ensure comparability within each experimental group, optimal condition tests
were conducted for each group, with specific experimental arrangements shown
in .

1.2 Sample Characterization

Phase analysis was performed using a Bruker D8 Advance X-ray powder diffrac-
tometer. Microstructure and particle size were observed using a JEM-2010
transmission electron microscope. Colorimetric properties were measured using
a KONICA MINOLTA CM-5 spectrophotometer.

2.1 Effect of Reactant Concentration under Diethanolamine Control

Figure 1 [Figure 1: see original paper] and Figure 2 [Figure 2: see original
paper] present the XRD patterns and TEM images of samples prepared with
different reactant concentrations at a fixed diethanolamine addition level of 12%,
respectively. Colorimetric test results are listed in Table 2 .
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As shown in Figure 1, spinel CoAl,O, diffraction peaks appear at a Co®" con-
centration of 0.05 mol/L without any impurity phase peaks. At 0.1 mol/L
Co?" concentration, weak v-AIO(OH) diffraction peaks emerge in addition to
spinel CoAl,O, peaks. When Co?" concentration increases to 0.15 mol/L, the
7-AlO(OH) diffraction peaks intensify further. At 0.3 mol/L Co?" concentra-
tion, the pattern shows not only CoAl,O, peaks but also diffraction peaks of
~v-AlO(OH) and Co-Al-LDHs. According to CHEN Zhi-Zhan et al., the forma-
tion of -A10(OH) and Co-Al-LDHs can be expressed as:

(aq) + 30H (aq) = A1(OH)4(s)

(aq) + (2 - 3)AI(OH)3(s) + (1 - x)Co*"(aq) + Cl (aq) + nH,O(l) =
Co; Al (OH), -nH,O0(s)

AL(OH),(s) = 7-AlO(OH)(s) + H,O(l)

In reaction (1), AI(OH); is generated during precursor preparation when AlCl,
mixes with NaOH solution, before diethanolamine addition, and the reaction
proceeds rapidly and completely. During the subsequent hydrothermal process,
the introduction of diethanolamine and increased precursor concentration hin-
der the diffusion and migration of participating ions in reaction (2), suppressing
the reaction and leaving unreacted Al(OH);, which transforms into v-AlO(OH)
under certain conditions via reaction (3). Additionally, the introduction of di-
ethanolamine and increased precursor concentration raise the system viscosity,
making diffusion and mass transfer difficult, preventing Co?* from reaching
the vicinity of v~-AlO(OH) microcrystals, affecting CoAl,O, nucleation and pre-
cipitation, with the unprecipitated portion forming Co-Al-LDHs. During ex-
periments, when Co?" concentration was below 0.05 mol/L, the small product
quantity after drying was insufficient for subsequent analysis, so lower concen-
trations were not tested.

Figure 2 shows TEM images of samples with different concentrations. At 0.3
mol/L Co?* concentration, the sample consists mainly of spinel octahedra and
rhombic particles of pseudo-tetragonal (111) facets with sizes exceeding 500 nm,
accompanied by flake-like Co-Al-LDHs and «-AlO(OH). At 0.15 mol/L Co?*
concentration, particle sizes range from 250-400 nm, while at 0.1 mol/L, most
particles are 200-300 nm, predominantly hexagonal and tetragonal with some
spinel octahedral morphology and minor impurity phases. These results indicate
that at excessively high ion concentrations, diethanolamine cannot completely
inhibit crystal growth.

At 0.05 mol/L Co*" concentration, spherical CoAl,O, particles form with sizes
mostly between 100-230 nm and essentially no impurity phases. These TEM
observations are consistent with XRD analysis. From the perspective of crys-
tal nucleation and growth kinetics, crystal facets with low atomic density and
high energy exhibit strong attraction to growth units and rapid growth rates,
eventually disappearing, while the crystal becomes enclosed by low-energy, high
atomic density facets. In the present system, diethanolamine preferentially ad-
sorbs on high-interface-energy particle vertices and edges during CoAl,O, spinel
nucleation and growth, creating steric hindrance that affects ion diffusion and
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migration, resulting in slower growth at vertices and edges. In contrast, facet
centers with less adsorbate grow faster, leading to spherical particle formation
after sufficient hydrothermal treatment at appropriate precursor concentrations.

Table 2 presents colorimetric test results for different precursor concentrations,
where L* represents lightness and a* and b* are chromaticity coordinates.
Higher L* values indicate greater lightness; +a* denotes red while -a* denotes
green; +b* denotes yellow while -b* denotes blue. The results show that
a* values change little with increasing Co?* concentration, while L* values
gradually increase, indicating progressively lighter color. The -b* value first
decreases then increases, reaching maximum at Co?* = 0.3 mol/L, indicating
the bluest coloration.

These results can be explained through TEM analysis. Figure 2d (Co?" = 0.05
mol/L) shows no non-colored intermediate phases, consisting entirely of spheri-
cal CoAl,O,, thus exhibiting relatively large -b* values. Figures 2c and 2b (Co?*
= 0.10 and 0.15 mol/L) contain non-colored intermediate phases, resulting in
reduced -b* values. The highest blue value at Co?*" = 0.3 mol/L may be at-
tributed to two factors: first, despite numerous non-colored intermediate phases,
the CoAl,O, crystals are well-developed and significantly larger (over 500 nm),
contributing to higher blue intensity; second, blue light has a wavelength of ap-
proximately 450 nm, similar to the CoAl,O, crystal size synthesized under these
conditions, making blue light waves most easily scattered by the particles and
enhancing the sample’ s blue appearance. However, combined XRD and TEM
analysis reveals intermediate products and non-spherical CoAl,O, morphology.
Considering the objective of preparing spherical CoAl,O,, the optimal starting
reactant concentration is determined to be 0.05 mol/L Co?*, corresponding to
0.1 mol/L A3,

2.2 Effect of nCo/nAl Ratio under Diethanolamine Control

Figure 3 [Figure 3: see original paper] shows XRD patterns of samples with dif-
ferent nCo/nAl ratios at 12% diethanolamine addition, with colorimetric results
presented in Table 3 . At nCo/nAl = 1:1.5, only Co-Al-LDHs diffraction peaks
appear. At nCo/nAl = 1:1.75, Co-Al-LDHs peaks weaken while CoAl,O, peaks
emerge. This occurs because when Al?* content is below stoichiometric ratio
(AI** = 0.1 mol/L), the lower Al*" concentration is unfavorable for v-A10(OH)
formation, which subsequently affects Co-Al-LDHs combining with it to precip-
itate CoAl,0,, resulting in Co-Al-LDHs peaks. At nCo/nAl = 1:2 and 1:2.25,
the XRD patterns show pure CoAl,O, phase. However, at nCo/nAl = 1:2.5,
weak Co-Al-LDHs and v-AlO(OH) peaks appear in addition to CoAl,O,, likely
due to excess A>T converting to y-AlO(OH).

Lu Xilong et al. found that without additives, pure-phase CoAl,O, could be
obtained at nCo/nAl ratios of 1:1.75 and 1:2. Under the present experimen-
tal conditions with diethanolamine addition, pure-phase CoAl,O, was obtained
at nCo/nAl ratios of 1:2 and 1:2.25. This is because CoAl,O, formation fol-
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lows a dissolution-precipitation mechanism: after Co; Al (OH), - nH,O forms
and dissolves, Co?" diffuses to 4-AlIO(OH) microcrystal vicinity, and as water
evaporates from the autoclave with increasing temperature, the solute reaches
supersaturation, allowing CoAl,O, nuclei to form and precipitate. The steric
hindrance created by diethanolamine impedes ion migration in solution, and
combined with low starting reactant concentration, makes the reaction even
less favorable when Al?>* content is below stoichiometric ratio, producing inter-
mediate phases.

Table 3 shows that at nCo/nAl = 1:1.5, the L* value is highest, indicating the
lightest color with small -a* and -b* values. As Al** content increases, L* values
decrease significantly while -a* and -b* values increase, reaching maximum -b*
at Co?t:Al>* = 1:2, indicating the bluest coloration. Further Al** addition
increases L* values (lighter color) and gradually decreases -b* values. Therefore,
under these experimental conditions, nCo/nAl = 1:2 is determined to be optimal
for synthesizing well-colored, pure-phase CoAl,O,.

2.3 Effect of Diethanolamine Addition Amount

Figure 4 [Figure 4: see original paper| and Figure 5 [Figure 5: see original pa-
per] present XRD patterns and TEM images of samples prepared with different
diethanolamine additions, respectively, with colorimetric results listed in Table
4 . The XRD patterns show that diethanolamine amount affects only diffraction
peak intensity, not pure-phase CoAl,O, formation. At 3% addition, diffraction
peaks are strong, gradually weakening with increasing diethanolamine content.
Stronger diffraction peaks indicate better crystal development, demonstrating
that diethanolamine addition affects crystallinity. With smaller additions, crys-
tals can develop completely, showing higher diffraction intensity, while larger
additions inhibit crystal development, resulting in weaker diffraction peaks.

TEM images reveal that different diethanolamine amounts produce little vari-
ation in particle size (100-230 nm) but significantly affect morphology. At 3%
addition, particles are mostly octahedral with some hexagonal shapes, indicating
limited morphological control. Crystals tend to grow toward high surface en-
ergy facets, which are not preserved and eventually disappear, while low-energy,
slow-growing facets remain. Diethanolamine preferentially adsorbs on octahe-
dral vertices, hindering ion migration and diffusion while reducing surface energy
at these sites, slowing vertex growth. At 6% addition, particles are primarily
hexagonal and pseudo-hexagonal. At 9% addition, most particles become spher-
ical, though some hexagonal particles remain. Pure-phase spherical CoAl,O,
is obtained at 12% addition, while 15% addition yields mostly spherical prod-
ucts with minor intermediate phases. This confirms the XRD results: smaller
diethanolamine amounts allow more complete crystal development, mostly as
well-formed octahedral crystals with strongest diffraction peaks; increased addi-
tion enhances growth inhibition, preventing complete crystal development and
ultimately forming spherical particles with weaker diffraction peaks.
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Under hydrothermal conditions, many factors influence final product morphol-
ogy. In addition to spinel octahedra and basal tetragonal facets, hexagonal
shapes were observed in the prepared samples. According to crystallography,
spinel is an isometric mineral with highly symmetrical crystals, primarily exhibit-
ing octahedral and octahedron-cube combination morphologies. The observed
hexagonal shapes represent {111} facets of octahedron-cube combinations.

Table 4 shows that L* values generally decrease with increasing diethanolamine
addition, though the reduction is small, indicating minimal color depth variation.
The a* value changes little, while -b* first increases then decreases, reaching
maximum at 12% addition, indicating optimal blue coloration. In summary,
under constant other conditions, 12% (volume fraction) diethanolamine addition
yields well-colored spherical CoAl,O,.

Conclusions

1. Adding diethanolamine as a capping agent in hydrothermal CoAl,O, syn-
thesis can control product particle morphology, enabling preparation of
submicron spherical particles. The mechanism involves directional adsorp-
tion of diethanolamine on particle vertices and edges during nucleation
and growth, creating steric hindrance that impedes growth unit migra-
tion. Facet centers with less adsorbate grow faster, gradually developing
spherical particles.

2. The optimal conditions for synthesizing pure-phase submicron spherical
CoAl,O, pigment particles are: CoCl, - 6H,0 and AICl; as raw materials,
Co?* concentration of 0.05 mol/L, nCo/nAl ratio of 1:2, diethanolamine
addition of 12%, pH = 13, 70% filling degree, and holding at 230°C for 20
h, yielding spherical particles predominantly 100-230 nm in size.

3. When initial Co?" concentration exceeds 0.05 mol/L or nCo/nAl ratio
deviates from 1:2-2.25, the products contain y-AlO(OH) and/or Co-Al-
LDHs impurity phases. Different diethanolamine amounts can synthesize
relatively pure CoAl,O, without significant particle size variation, but di-
ethanolamine addition significantly affects product morphology and crys-
tallinity. Only at 12% addition can pure-phase spherical CoAl,O, be
synthesized.
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