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Blue cobalt inorganic pigments with spinel-type structure have been revisited in order to understand the

origin of blackening at low temperatures and to design strong blue nanosized materials. Starting from

a sol–gel process, the so-called Pechini route, the correlation between the structural features (inversion

rate, Co over-stoichiometry, Co valence states) of the spinel network and its thermal history under air up

to high temperatures (T ¼ 1400 �C) allows concluding that the stabilization of CoIII in octahedral sites is

at the origin of the blackening of the pigment annealed at low and medium temperatures. EELS coupled

with TEM analyses (occurrence of multiple phases with various Al/Co atomic ratios) lead to us to

conclude definitively about the variation of Co valence states. A top-down (mechanical grinding) and

a bottom-up approach lead to the definition of a synthesis route (co-precipitation in basic medium

followed by annealing at medium temperatures under Ar) allowing the design of strong blue pure nano-

sized pigments to be incorporated in inks. Hybrid blue positively charged particles were mixed with

white negatively charged particles to formulate dual-colour inks. A dual-colour display was filled with the

as-prepared inks and tested under �150 V.

1. Introduction

Synthetic blue pigments are widely used in the ceramic industry

as colouring agents in glazes or porcelain stoneware.1,2 The rst

blue modern synthetic pigment, discovered at the beginning of

the 18th century, was Prussian blue an organic pigment.

Through the years, additional inorganic compounds have been

added to the spectrum of blue pigments, e.g. synthetic ultra-

marine blue Na7Al6Si6O24S3 and cobalt blue CoAl2O4.

However, these inorganic pigments needed to be annealed at

high temperatures, i.e. 1400 �C, under air in order to get the

strongest blue color stabilized in ceramics. The traditional

source of the blue colour in ceramic pigments remains the

cobalt ion (Co2+),3 particularly incorporated into spinel

networks derived from rock salt and crystallizing in the Fd�3m

space group. The spinel structure exhibits both octahedral and

tetrahedral cationic sites, which lead to large colour scales.

Hence, in such frameworks, the crystal eld of Co2+ (3d7) can

increase from 0.5 eV in a tetrahedral environment to 0.8–1.3 eV

in a 5-fold or octahedral coordination leading to various d–

d transitions on the basis of Tanabe–Sugano diagrams.4–6

Tetrahedral coordination of Co2+ is oen preferred to octahe-

dral coordination and leads to a strong blue colour in CoAl2O4

spinel whereas Co2+ in octahedral coordination is known to

exhibit a purple hue.7 Nevertheless, the colour of CoAl2O4

pigment can strongly vary depending on the thermal history of

the material.4,7–12 Indeed, the CoAl2O4 composition (known as

Thenard's blue) exhibits an all the more intense sky-blue hue

than the annealing temperature is high.4,7–13 Depending on the

pigment thermal history, all the authors4,7–9,11 have observed

that the samples are darker with a greening of the coloration

when a low synthesis temperature is applied. These effects can

be explained considering various and diverging hypotheses: (i)

the occurrence of amorphous carbon, (ii) the presence of

a Co3O4 (Co3+/Co2+ mixed valences)/Co2AlO4 (Co3+) impurity

phases with almost similar unit–cell parameter as CoAl2O4

(Co2+) taking into account the similar ionic radii of Co3+(LS) and

Al3+ six-fold coordinated to oxygens,4,8–11,14–16 (iii) a grain shape

inuence (taking into account diffusion phenomena)12,13 or, (iv)

the Co2+ distribution in the network between octahedral and

tetrahedral sites.17–20

Preliminary works, not reported herein, have dealt with the

exploration of several CoAl2O4 synthesis routes (co-precipitation,
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solid state, tartrate, sol–gel and polyol21) and their thermal

annealing under air or argon (only for the co-precipitation)

between 600 �C and 1400 �C. For all the synthesis routes,

annealing treatment under air below 1000 �C leads to the

obtaining of dark green – black powders whereas blue powders

are obtained only for synthesis temperatures above 1200 �C. This

paper is focusing on the samples elaborated from sol gel

synthesis known as Pechini route where powders have been

annealed under air and on oxides prepared from co-precipitation

method followed by an argon thermal treatment. The cation

distribution and the Co2+/Co3+ oxidation states in the as-prepared

CoAl2O4 compounds are characterized and discussed for both

synthesis routes. The diffuse reectance spectra were recorded

for all samples/all annealing temperatures and are interpreted in

regard of XRD pattern's renements; Rietveld analysis has been

used to calculate the a unit–cell parameter, the spinel's inversion

factor, and the oxygen atomic coordinate considering various

structural hypothesis (the occurrence of one or two phases, the

presence of extra Co3+ substituting for Al3+) associated to their

reliability factors. EELS and TEM images combined with Energy

Dispersive X-ray Spectrometry (EDX) have been also done to

investigate in more details the causes of the darkening and

greening of the compounds when low synthesis temperatures

were used. A complete interpretation of the colour variation of

these pigments versus the synthesis route and the annealing

temperature is thus proposed. Finally, electrophoretic inks have

been formulated from these blue pigments and were tested in

a prototypal display. For such a demonstration, CoAl2O4 hybrids

were mixed with TiO2 hybrids in a non-aqueous media and

a voltage (�150 V) was applied in order to observe the properties

of the dual-colour display.

2. Experimental

CoAl2O4 pigments were synthesized by a sol gel process: the

Pechini route.22 This chemical process is based on cations

chelation by citric acid (CA) and on polyesterication between

CA and ethylene glycol (EG) which leads to the formation of

a polycationic resin. Aqueous solutions of citrate were prepared

by dissolving CA and EG in a minimal volume of water. Then,

cationic salts: CoCl2$6H2O (Alfa Aesar, purity over 98%) and

AlCl3$6H2O (Sigma Aldrich, purity 99%) were added in stoi-

chiometric proportion to the acid solution. A CA–EG/cations

molar ratio equal to 4/1 was used. EG–CA polymerization was

promoted by removing water with continuous heating on a hot

plate. Then, the highly viscous mixtures were thermally treated

in two steps: a rst calcination at 400 �C under air to remove

organics components, then, an annealing step for 10 h between

600 �C and 1400 �C. For the samples being subjected to

aggressive ball-milling as post-treatment with the aim to reduce

the crystal size, a planetary Fritch pulverisette 7 apparatus was

used.

CoAl2O4 pigments were mixed with 10 mL of dried toluene in

a 100 mL two-necked ask and then sonicated during 30

minutes. n-Octyltrimetoxysilane (OTS) was added to the mixture

under magnetic stirring and the ask was heated at 120 �C

during 18 hours. The reaction is washed by centrifugation in

toluene and pigments were then dried. Nitroxide Mediated

Radical Polymerization (NMRP) via dispersion in Isopar G was

performed with modied pigments and lauryl acrylate SG1

macroinitiator which were mixed in 10 mL of Isopar G and then

sonicated during 1 hour. The solution was outgassed with argon

bubbling and monomer was added aer 30 min bubbling. The

mixture was heated at 120 �C during 19 hours and washed by

centrifugation in Isopar G.23,24

X-Ray diffraction (XRD) measurements were carried out on

a PANalytical X’PERT PRO diffractometer equipped with an X-

celerator detector, using Cu(Ka1/Ka2) radiation with a back

lter to avoid the uorescence of Co ions/atoms when copper

source is used. The diffractograms were recorded on 5–120� 2q

range with a time per step chosen in order to get 10 000 cps in

intensity for the main diffractogram peak. Diffractograms were

rened with the Rietveld renement method using FULLPROF®

program package.25,26 The unit–cell parameters, the atomic

positions, the cationic distribution (cation inversion parameter)

were then rened (with xed Debye Waller factors) on the basis

of the Fd�3m space group corresponding to the spinel structure.

The peak proles are tted with the Caglioti function, i.e.

considering isotropic crystallites. Uncertainties can be calcu-

lated from the standard deviation proposed by the soware;

these uncertainties being approximated in all cases to the

decade higher, all reported results are limited to their last

signicant digit.

The morphology of CoAl2O4 nanoparticles was roughly

evaluated by high resolution transmission electronic micros-

copy (HRTEM) and STEM has been used for Energy Dispersive

X-ray Spectrometry (EDS). High-resolution transmission elec-

tronic microscopy (HRTEM) has been performed on TEM Jeol

2200FS operated at 200 kV with a eld emission gun. The

theoretical resolution (FWHM) was nominally 1.9 �A. The

quantication of Co and Al concentrations have been per-

formed by EDS considering K lines intensities and integration.

Samples were prepared by dissolving a few milligrams of

powder in ethanol directly depositing one drop of the as-

prepared suspension on a copper grid. EELS measurements

were also carried out with the JEOL 2200 FS transmission

electron microscope with an “omega lter” in column and

a theoretical energy resolution of 1 eV. The dispersion was

chosen at 60 mm eV�1 and a comparison of the Co L2,3 edge

EELS spectra (at an energy varying between 779 and 794 eV) for

various samples and references (CoO, Co3O4) aim to estimate

the average Co valence state.

Hybrid particle morphologies were characterized by trans-

mission electron microscopy (TEM) using JEOL 1400+, at 120 kV

with LaB6 lament and a 0.38 nm resolution. The microscope is

equipped with a camera GATAN, with condenser diaphragm.

UV-Vis-NIR diffuse absorbance spectra – presented here aer

Kubelka–Munk transformation – were recorded at room temper-

ature from 200 to 2500 nm with a step of 1 nm and a band length

of 2 nm on a Cary 17 spectrophotometer using an integration

sphere. Halon polymer was used as white reference for the blank. A

mathematic treatment of the obtained spectra allowed the deter-

mination of the L*a*b* space colorimetric parameters. The rst

step of the treatment consists in obtaining the XYZ tri-stimulus

34126 | RSC Adv., 2019, 9, 34125–34135 This journal is © The Royal Society of Chemistry 2019
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values (dened by the CIE, 1964) from the integration (on the

visible range, i.e. from l¼ 380 nm up to 780 nm) of the product of

x(l), y(l) or z(l) functions (CIE – 1964) with the diffuse reectance

spectra function: X ¼
Ð

x(l)R(l)d l. Then, the transfer equations

dened by the CIE, 1976, from XYZ space to the L*a*b* space, were

used in order to obtain the L*a*b* chromatic parameters.

The hydrodynamic size and the electrophoretic mobility of

colloids were performed by Phase Analysis Light Scattering

(PALS) and Dynamic Light Scattering (DLS), using a Nano ZS

Malvern Instrument using a wavelength of l ¼ 633 nm and

a xed angle q ¼ 90�. A square shaped wave electric eld from

2.5 to 20 kV m�1 was applied using dip cell designed for

measurement in a non-aqueous environment. Each sample was

measured 3 times (15 runs per measurement). The q global

charge of hybrid particles was determined using the eqn (1),

with v ¼ the electrophoretic speed (m s�1), E: the applied elec-

trophoretic potential (V); R: the average radius of the particles; g:

9.8 m s�2; h: the viscosity of the electrophoretic medium in

mPa s.

n ¼

�

qE þ
4

3
pR3g

�

rpig � rpol
�

�

6pRh
(1)

Stability of the inks has been estimated using the

Turbiscan® lab stability analyser. The analysis of the stability

was carried out as a variation of backscattering (BS) and trans-

mittance (T) proles. Eqn (1) is the determination for TSI,

compare every scan of a measurement to the previous one, on

the selected height, and divide the result by the total selected

height in order to obtain a result which is independent of the

quantity of sample in the measuring tube.

TSI ¼
X

i

P

h

|T%tðhÞ � T%t�1ðhÞ|

H
(2)

where h and H is the selected height and the total height of

sample respectively.

3. Results and discussion
3.1. CoAl2O4: black or blue pigments depending on post-

annealing treatment

The CoAl2O4 compounds were prepared from Pechini gels

annealed under air atmosphere at various temperatures: 600,

800, 1000, 1200 and 1400 �C. The X-ray diffraction patterns of

the as-prepared powders are reported in Fig. 1a. On the basis of

XRD data, a single spinel phase seems to be obtained whatever

the annealing temperature. The narrowing of the peak widths

versus the increase of the annealing temperature is correlated to

a coherent domain increase. Using Debye and Scherrer equa-

tion, the crystallite size (coherent domain size) can be approx-

imated from the full width at half maximum of the diffraction

peaks (knowing the instrumental broadening). The crystal size

was calculated and progressively increases with the annealing

temperature, from about 20 nm for the 600�C-annealed

compound up to 100 nm for the 1400�C-annealed oxide. UV-

Vis-NIR absorbance curves (KM transforms) are superimposed

for the various as-prepared samples in Fig. 1b. In all cases the d–

d transitions associated to the cobalt chromophore in tetrahe-

dral coordination are clearly visible as the 4A2/
4T2 triplet (due

to the L–S Russel–Saunders coupling) in NIR range (in between

1150 and 1700 nm) and another multiplet in visible range which

can be indexed as the 4A2 /
4T1 (P) transition (with an eventual

contribution of the 4A2 /
4T1 (F) transition). This absorption

peak attribution is based on further works reported in litera-

ture.10–12,14–22,25–27 The main triple band in the middle of the

visible range was indexed as 4A2/
4T1 (P) transition, which was

shown to decompose as a triplet for which the maximal

absorptions, for instance in CoAl2O4, are near 540 nm, 590 nm

and 640 nm (ref. 11) and associated to a crystal eld around

0.5 eV with a B Racah parameter equal to 750 cm�1. Further-

more, in all cases a charge transfer band (CTB) is located at

about 350 nm and associated to ligand (oxygen anion) to metal

(cobalt and/or aluminium cation) electronic transfer, as awaited

for this kind of wide-gap semi-conducting oxide. Nevertheless,

the spectra evolve signicantly versus the annealing

Fig. 1 (a) XRD patterns, (b) K/S spectra and (c) L*a*b* colour param-
eters of CoAl2O4 compounds prepared from Pechini route followed by
post-annealing at several temperatures.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 34125–34135 | 34127
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temperature, especially between annealing treatments ranging

from 600 �C up to 1000 �C. An additional CTB, being all the

more intense that the thermal treatment is performed at low

temperature, is associated to another band gap at lower energy

around 1.7 eV (roughly 800 nm). Without any doubt, this band

is linked to cobalt ions (the unique chromophore ions) which

can adopt another oxidation state or are located in various sites

(interstitial and/or octahedral sites). This leads to a strong

impact on the spinel's coloration and, unfortunately, a signi-

cant blackening of the samples prepared at the lowest temper-

atures. L*, a* and b* colour parameters were extracted from the

diffuse reectance curves, what allows, aer L*a*b* / to RGB

colour space transformation, the representation of the colour of

each compound with any common soware (Fig. 1c). One

should have to note the difficulty to obtain highly divided

CoAl2O4 powder with a bright blue colour (nanometric crystal

size), a key point for pigments applications which has been

reported for long time in the literature.4,7–9,11 The herein

observed blackening is a large subject of matter and the

purpose of long debates with interpretations which are

diverging depending on the authors. The source of the

absorption phenomenon, occurring while spinel compounds

are not annealed at sufficiently high temperatures, responsible

for the compound blackening, was already attributed to carbon

content, the occurrence of CoO or other cobalt-rich impurities

or a large inversion rate of the Co2+/Co3+ ions inside the spinel

structure network (i.e. attributed to a signicant occupancy of

the octahedral sites by the cobalt ions).16–22,25,26

TEM investigations on the 600�C-annealed and the 1000�C-

annealed compounds were performed with the aim to inter-

pret the colour evolution of the as-prepared compounds from

nearly black to blue hue versus the compound's thermal history.

The comparison between the transmission electronic micro-

graphs taken on the two compounds (reported in Fig. 2a) clearly

show that, besides the crystal size increase with the annealing

treatment, a narrowing of the crystal size distribution also takes

place. Indeed, for the 600�C-annealed compound, nanometric

particles are neighbouring with bigger crystals with about

100 nm diameter. On the opposite, the 1000�C-annealed

compound is constituted of submicronic crystals with about

100 nm diameter, which are very homogeneous in terms of size

and shape.

EDX analyses were performed on different zones of the

600�C-annealed sample and on one grain of the 1000�C-

annealed sample (Fig. 2a: zones 1, 2 & 3). This experiment

reveals a non-homogeneous cobalt ion distribution, with

a positive segregation in the largest crystals to the detriment of

the nanometric grains. One can report on the various cobalt and

aluminium concentrations extracted from EDX spectra recor-

ded on the zones 1 and 2, for the 600 �C sample (Fig. 2b).

However, a homogeneous distribution in the cobalt and

aluminium is found on the 1000�C-annealed sample, further-

more with a Co : Al local ratio in the analysed area (zone 3)

which is equal to the global one, i.e. Co : Al ¼ 1 : 2 (Fig. 2b).

The occurrence for the 600�C-annealed compound of a non-

uniform cationic distribution is quite surprising in regard of the

X-ray diffraction patterns showing pure and single spinel

compounds whatever the annealing temperature.

To suppress any ambiguities, deep and accurate analyses

using Rietveld renements were thus made on the X-ray pattern

of the different as-prepared samples. Typically, the spinel-type

structure adopts the Fd�3m space group with

A1�x
2+Bx

3+[Ax
2+B2�x

3+]O4 composition and distribution, x rep-

resenting the inversion parameter (the cations inter-brackets

correspond to the octahedral sites). The x inversion parameter

is so dened as the deviation from the pure direct distribution,

i.e. with A2+ (Co2+) cations located into tetrahedral sites only (8a

Wyckoff position), and the B3+ (Al3+) cations consequently

located in the octahedral site only (16d Wyckoff position). First,

the Rietveld renements were done in a “standard way”. It

means considering a pure phase with CoAl2O4 with xed

chemical composition but with cobalt/aluminium distribution

free to move into the tetrahedral and octahedral sites. In this

Fig. 2 (a) TEM micrographs of powders calcined at (a1) 400 �C, (a2)
600 �C, (a3) 800 �C, (a4) 1000 �C, (a5) 1200 �C and (a6) 1400 �C. (b)
EDX results on the different areas indexed on the micrographs, (c) TEM
micrograph (c1) and the corresponding chemical cartography (c2)
showing for the 600�C-annealed compound the non-homogeneous
distribution of cobalt and aluminium ions (red colour: Al, green colour:
Co).

34128 | RSC Adv., 2019, 9, 34125–34135 This journal is © The Royal Society of Chemistry 2019
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renement process, the a unit–cell parameter, the peak prole's

parameters, the (u, u, u) oxygen atomic position, and the x

inversion parameter are rened. We decided for all the samples

to x the isotropic displacement factors to 0.5�A2 for the cations

and 1.0�A2 for the anions, for a better direct comparison. It can

be seen from the Rietveld renement results (reported in Table

1, and Fig. 3a) that, versus annealing treatment temperature, an

asymptotic decrease of the inversion parameter is observed as

an asymptotic increase of the unit–cell parameter. Hence, it

would be easily concluded that the evolution of the spinel

compound is due to a change of the cationic distribution inside

the multi-site spinel network. The negative correlation between

the cobalt ion concentration located into octahedral sites and

the unit–cell parameters could support the assertion. Also,

a slight asymptotic evolution versus annealing treatment of the

(u, u, u) free atomic position of the oxygen anions, so directly

correlated to the previous evolutions, adds supplementary

arguments on the merits of our renement choices. Secondly,

the Rietveld renements were done in an “exotic way” consid-

ering a pure phase with Co1+xAl2�xO4 chemical composition free

to be rened (via x parameter). With this chemical composition,

cobalt III is as-created (from electroneutrality law). Also, none

vacancies cationic or anionic are created, but in a quite similar

manner, it would also be possible to consider some cationic

vacancies to simulate the occurrence of Co3+ ions. In this

renement process, the a unit–cell parameter, the peak prole's

parameters, the (u, u, u) oxygen atomic position, and the x

cobalt “over-stoichiometry” are the rened parameters (one can

note that the same numbers of parameters are rened in rst

and second renement processes). As previously, for all the

samples, the isotropic displacement factors (Debye–Weller

parameters) are xed to 0.5�A2 for the cations and 1.0�A2 for the

anions. It can be seen from the Rietveld renement results

(reported in Table 2, Fig. 3b) that, versus annealing treatment

temperature, an asymptotic decrease of the x cobalt over-

stoichiometry and an asymptotic increase of the unit–cell

parameter. One should have to note that in this second

hypothesis, the Bragg reliability factor remains rather high

(between roughly 10% and 7%) as compared to the rst struc-

tural hypothesis. However, it is now really doubtful to interpret

in a secure manner these results. Indeed, this time, the x cobalt

over-stoichiometry in Co1+xAl2�xO4 structural hypothesis seems

responsible for the colour evolution of the spinel compounds

prepared between 600 �C and 1400 �C. In this second model,

one can assume that the over-stoichiometry (x) Co ions adopt

also the +III valence states for electroneutrality. Obviously, in

the as-prepared compounds the global stoichiometry remains

for the Co : Al ratio equal to 1 : 2. Nonetheless, it was evidenced

from TEM investigations that cobalt is segregated into the

mostly crystallized areas in the low annealed-temperature

samples. In the opposite, the aluminium-rich parts of the

powder are the badly crystallized parts which do not predomi-

nantly affect the X-ray diffraction diagrams. Hence, the experi-

ence of an “apparent” over-stoichiometry from Rietveld

renements is not surprising or these latter samples. Moreover,

by comparing XRD diagrams of CoAl2O4, Co2AlO4 and Co3O4

spinel compounds on Fig. 1-SI,† the unit–cell parameters are

very close (see Table 1-SI†) despite the large difference in

compositions considering pure Co2+ phase (CoAl2O4 annealed

Table 1 Unit-cell parameter, u oxygen coordinate ((u, u, u) atomic
position), inversion factor z and reliability factors of CoAl2O4

compounds prepared from Pechini route followed by post-annealing
at several temperatures (1st refinement process)

T (�C) a (�A) u z RBragg Rf

600 8.0861(5) 0.2609(5) 47.6(1) 3.46 4.20

800 8.0946(5) 0.2631(4) 31.7(1) 1.61 1.85
1000 8.1035(4) 0.2639(4) 9.5(1) 1.30 2.16

1200 8.1057(2) 0.2640(3) 7.3(1) 1.35 1.86

1400 8.1056(3) 0.2640(2) 9.5(1) 1.02 1.50

Fig. 3 (Top figure) Unit-cell parameter (:) and the z inversion factor
(C) in Co1�z Alz [Coz Al2�z]O4 compounds issued from the 1st refine-
ment process. (Bottom figure) Unit-cell parameter (:) and x cobalt
over-stoichiometry (C) in Co[Al2�xCox]O4 compounds issued from
the 2nd refinement process.

Table 2 Unit-cell parameter, x Co over-stoichiometry (in Co1+x-
Al2�xO4 model) and reliability factors for CoAl2O4 compounds
prepared from Pechini route followed by post-annealing at several
temperatures (2nd refinement process)

T (�C) a (�A) u x Co RBragg Rf

600 8.0863(5) 0.2633(6) 1.3(1) 10.1 14.3

800 8.0946(5) 0.2646(5) 0.85(1) 9.1 9.97
1000 8.1035(4) 0.2648(5) 0.19(1) 7.41 11.5

1200 8.1057(3) 0.2639(5) 0.14(1) 6.68 10.9

1400 8.1056(3) 0.2641(5) 0.16(1) 7.21 10.4

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 34125–34135 | 34129
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at T ¼ 1200 �C) and mixed valences (Co2+/Co3+) oxides (Co2AlO4

and Co3O4). It is explained by the very close ionic radii of Al3+

and Co3+ (LS) ions. However, one should have to note consid-

ering for instance the intensities of (222), (400) and (331) lines,

the large difference of (hkl) reticular planes relative intensities

showing the partial occupancy of Co3+ (LS) in octahedral sites.

Consequently, a clear cause of the colour evolution cannot be

extracted from Rietveld renement. The possibility to get as the

same time a distribution of both cations (cobalt and

aluminium) in both crystallographic sites (octahedral and

tetrahedral sites) as well as non-homogeneous distribution of

the cations from one crystal to the other (i.e. taking into

consideration unxed Co : Al stoichiometry) does not allow the

attribution of the colour evolution versus annealing tempera-

ture. Especially the pattern matching can lead to a very good

renement with the achievement of low correlation factors,

using the two tested hypotheses: (i) with a homogeneous

chemical composition but with a deviation from a direct spinel

structure with an amplitude varying versus annealing tempera-

ture or (ii) considering a heterogeneous composition (cobalt or

aluminium “clustering” respectively for the largest crystals and

the smallest crystals) decreasing versus temperature to tend to

a global homogeneity for the higher temperature.

Anyway, from Pechini process it is not possible to get blue

pigments with nanometric crystal size, which is a requirement

for valuable applications as mineral pigment incorporated in

inks, varnishes or in ceramics. Based on these rst analyses, we

propose hereaer two ways to prepared nanometric blue cobalt

spinels: (i) a top-down approach consisting in a grinding

process of the blue powder obtained at high temperatures:

1400 �C; (ii) a bottom-up approach, trying to nd a chemical

synthesis route avoiding the cause of the compound blackening

while a low temperature heat treatment is applied. On a more

fundamental approach, these two ways are undertaken with the

objective to clearly link the spinel blackening to a non-

homogeneous cationic distribution or to a consistent inver-

sion parameter in the crystallographic network.

3.2. Nano-blue pigments: a top-down approach

A grinding step on the 1400 �C pigment was carried out thanks to

a planetary crusher. The X-ray diffraction patterns of the powder

obtained aer different milling times are reported on Fig. 4a;

corresponding absorbance curves on Fig. 4b and L*a*b* colours

on Fig. 4c. Obviously, the grinding process produces a clear

enlargement of the FWHM of the diffraction peaks. The colora-

tion remains bright blue whatever the grinding time. Absorbance

curves show that a lightening is quickly obtained (for low

grinding time) but this lightening is also rapidly stabilized: the

changes observed for prolonged times over 10 minutes are not

signicant anymore. The slight lightening could come from an

increase of the diffusion phenomenon/absorption phenomenon

ratio thanks to a disaggregation of the powder and/or a pollution

with agate akes from the crusher and/or the milling balls. This

lightening is correlated to a decrease of the d–d absorption band

intensities whereas the band position and the bandwidth are not

impacted by the grinding step.

X-ray diffraction renements were performed on each

pattern. The starting sample, prepared with a post-annealing

treatment at 1400 �C corresponds to a uniform cationic distri-

bution. The Rietveld renement of the samples subjected to

different grinding times was performed considering that the

consequence of the grinding can only be an evolution of the

inversion parameter and that a segregation of cobalt or

aluminium ions cannot occur. Thus, we applied the 1st rene-

ment process considering the a unit–cell parameter, the peak

prole's parameters, the (u, u, u) oxygen atomic position, and

the x inversion parameter are free to be rened. As previously,

isotropic displacement factors are xed to 0.5�A2 for the cations

and 1.0�A2 for the anions. Debye–Scherrer equation was used to

estimate the crystal size evolution. Rietveld renement results

and crystal size extracted from Debye–Scherrer equation are

both reported in Table 3. Whatever the grinding time, the unit–

cell parameter is unchanged, remaining equal to 8.105 �A. The

grinding step is associated to a rapid collapse of the crystal size

Fig. 4 (a) XRD patterns, (b) K/S spectra and (c) L*a*b* color parame-
ters of CoAl2O4 compounds prepared from Pechini route, post
annealed at 1400 �C and subjected to a post-grinding step during
several durations.

34130 | RSC Adv., 2019, 9, 34125–34135 This journal is © The Royal Society of Chemistry 2019
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from about 100 nm to about 35 nm aer 10 min grinding. Then

the crystal size is stabilized around 30 nm. This rst evolution

can be directly compared to the colour evolution versus grinding

time, previously discussed. The colour lightening (evolution of

the absorption band intensity) is clearly in perfect agreement

with the crystal size. However, the inversion parameter

progressively increases versus grinding time up to 90 minutes.

This inversion parameter is so not directly correlated to the

absorption bands intensity. Furthermore, despite the large

increase of RBragg reliability factors to 8–6% with the grinding

time due to the enlargement of the FWHM of diffraction lines,

this experiment proves that the location of cobalt ions in octa-

hedral sites does not bring the detection of new absorption

bands. It can be reminded that d–d transitions are still strictly

forbidden from Laporte selection rules in centro-symmetric

sites as the octahedral ones. Hence, from a fundamental

point of view, in CoAl2O4 compounds, the inversion parameter

does not signicantly impact the compound’ colour. From an

applicative point of view, nanometric particles with highly

intense blue colour can be obtained from the explored top-down

approach: aggressive post-grinding step on a high temperature

annealed sample.

A comparison of the signal differences, which are obtained

from the three renement processes we used, is illustrated on

the 800 �C annealed samples in Fig. 5 (considering a direct

spinel with stoichiometric composition, a spinel with stoi-

chiometric composition and a variable inversion rate param-

eter, and the over-cobalt stoichiometric compound).

3.3. Nano-blue pigments: a bottom-up approach

From the previous experiments, one can conclude that the

blackening of the spinel issued from Pechini route and post-

annealed at relatively low temperature treatment is caused by

the cationic non-homogeneous repartition. One consequence

not yet discussed to the segregation in some crystals of a cobalt

excess and segregation in some other crystals of aluminium

excess is the consequent electronic compensation. Aluminium

excess, leading to supplementary “positive charges” in the

spinel compounds can be only compensated by the creation of

cationic vacancies. This hard compensation is surely at the

origin of the low crystallinity of the aluminium-rich parts. On

the other hand, Cobalt excess, leading to a defect of positive

charges, can be most easily compensated by the oxidation of

a part of the Co2+ ion into Co3+ ion. An intervalence charge

transfer in the cobalt-rich part should be at the origin of the

powder blackening.

The obtaining of a nano-blue pigment with bottom-up

approach is so realistic using a synthesis process preventing

for cobalt ion oxidation. Unfortunately, for the Pechini sol–gel

route we have used, it requires an oxidative post-annealing

treatment in order to eliminate the large quantities of carbon

groups issued from EG and CA. A coprecipitation process,

starting from a mixed solution of Al3+ and Co2+ nitrates in

stoichiometric proportion on which ammonia was added, was

so used (pH ¼ 10). This process leads to a precipitate consti-

tuted of a mixture of highly divided Co(OH)2 and Al(OH)3 pha-

ses. Post-annealing treatment can so be performed under argon

atmosphere since the reaction between the precursor hydrox-

ides requires only dehydration. X-ray diffraction pattern aer an

annealing step at 600 �C, 700 �C, 800 �C and 900 �C are reported

on Fig. 6a. For all the samples, a pure spinel compound as

single phase is observed. Nevertheless, as shown by the absor-

bance spectra and the L*a*b* colour parameters reported in

Fig. 6b and c, respectively, a blackening of the compounds ob-

tained aer the lowest annealing treatment temperatures is still

observed. It seems that the thermodynamic driving force to get

cobalt and aluminium segregation is really important to the

detriment of the formation at low temperatures of a single

spinel phase. Consequently, even in low oxygen partial pressure

atmosphere (the argon ow used exhibits an oxygen partial

pressure between 10�4 and 10�5 atm), cobalt segregation leads

to Co3+ formation and so intervalence phenomenon producing

a powder blackening. That is from a negative regard. On the

other hand, a blue compound with very interesting colouring

parameters can be already achieved using 900 �C as annealing

temperature. Furthermore, the 800 �C annealed compound is

almost blue with nanosized crystallites. Hence, the synthesis

from coprecipitation which allows direct treatments under

Table 3 Unit-cell parameter, x Co over-stoichiometry and reliability
factors u oxygen coordinate ((u, u, u), atomic position), inversion factor
z and reliability factors of CoAl2O4 compounds prepared from Pechini
route, post annealed at 1400 �C and subjected to a post-grinding step
during several durations. (1st refinement process)

Grind time (min) u Particle size (nm) z RBragg Rf

0 0.2640(2) 89 9.5(1) 1.02 1.50

10 0.2640(5) 35 16.7(1) 8.44 10.5

20 0.2621(5) 36 28.6(1) 8.15 16.1

40 0.2628(5) 31 21.4(1) 8.64 13.0
60 0.2603(6) 25 31.0(1) 8.72 15.7

90 0.2600(5) 25 35.7(1) 9.34 19.5

120 0.2601(5) 25 35.7(1) 6.95 13.3

Fig. 5 XRD experimental, calculated and differential diffractograms
using a fixed direct CoAl2O4 spinel network, partially inverted spinel
network, and cobalt overstoichiometric composition.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 34125–34135 | 34131
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argon ow has allowed the obtaining of blue pigment at lowest

temperatures. The TEM micrographs reported in Fig. 7 show

two important facts: (i) the 600 �C sample is with a narrow

distribution crystal size in the contrary to the 600 �C annealed

sample issued from Pechini route; (ii) the 900 �C annealed

sample is with only 30–40 nm crystal diameter. X-ray diffraction

renement, were performed on each pattern in same condition

than previously (Table 4). The inversion factor extracted from

these renements is large in comparison with the samples

issued from Pechini route. This shows that despite apparently

more homogenous cationic distribution (uniform crystal size is

shown on the 600 �C annealed sample), the cationic inversion

parameter can still high. At least two sources are at the origin of

the inversion parameters: the low crystal size or surface effect

(as intrinsic origin), the cobalt – aluminium non-homogeneous

distribution (as extrinsic origin). Coprecipitation processes in

comparison to Pechini route leads to better cationic homoge-

neity but with lower crystal size, comparing two samples with

same thermal history.

EELS measurements were undertaken in order to denitively

prove that the achievement of more beautiful blue pigments

(less blackened) from coprecipitation route than from Pechini

route is well due to a lower concentration of Co3+ ions. EELS

spectra of the 600 �C annealed sample issued from Pechini and

coprecipitation routes, the 900�C-annealed sample from

coprecipitation and the 1200 �C annealed sample from Pechini

routes, are compared on Fig. 8. The spectra analysis was per-

formed with the Digital Micrograph soware where the back-

ground has been removed and smoothing has been done with

Origin soware. Theoretical resolution of the machine is 1 eV

but for our measurement, the resolution is 1.7 eV due to the

thickness of the grains. That is the reason why L3/L2 intensity

ratios have been discussed instead of the Co L3 and L2 lines

positions. These values are reported in Table 5.

For comparison the same parameters were extracted from

our own observation on Co3O4 and CoO samples, prepared as

references. The peak positions are shied towards low energy

versus the decrease of the Co3+ concentration; furthermore, the

increase of the Co2+ content contributes to an enhancement of

the L3/L2 intensity ratio.
28,29 These two effects are well illustrated

comparing the pure Co2+ oxide (CoO) and the mixed Co3+–Co2+

oxide (Co3O4), as references. Clearly, samples prepared from

coprecipitation route followed by argon annealing treatment

exhibit a signicantly lower Co3+ concentration than the

samples prepared from the sol–gel synthesis followed by air

annealing treatment. Even, peak positions as well as peak

Fig. 6 (a) XRD patterns, (b) K/S spectra and (c) L*a*b* colour
parameters of CoAl2O4 compounds prepared from a co-precipitation
route and post-annealed under argon atmosphere at several
temperatures.

Fig. 7 The TEM micrographs of powders prepared from coprecipita-
tion route and calcined at 600 �C (a) and 900 �C (b) under argon.

Table 4 Unit-cell parameter, x Co over-stoichiometry and reliability
factors u oxygen coordinate ((u, u, u), atomic position), inversion factor
z and reliability factors of CoAl2O4 compounds prepared from a co-
precipitation route followed by post-annealing under argon atmo-
sphere at several temperatures. (1st refinement process)

T (�C) a (�A) u z RBragg Rf

600 8.0535(1) 0.2570(7) 50.00(1) 12.1 12.6
700 8.0653(2) 0.2584(5) 30.24(1) 5.09 3.81

800 8.0858(5) 0.2608(4) 29.27(1) 5.60 7.80

900 8.0880(3) 0.2621(4) 21.43(1) 5.29 6.90

34132 | RSC Adv., 2019, 9, 34125–34135 This journal is © The Royal Society of Chemistry 2019
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intensity ratio indicate that the 900�C-annealed compound

prepared from coprecipitation contains less Co3+ impurities

than the 1200�C-annealed compound from Pechini process.

Denitively, with the aim to prepare nanometric blue pigment

with CoAl2O4 composition, one must avoid Co3+ formation
using some “so chemistry” synthesis routes allowing the use of

low oxygen partial pressure annealing treatments.

3.4. Formulation of hybrid particles, application in

electrophoretic displays

CoAl2O4 milled pigments have been modied by silanisation

with various n-trimethoxysilanes (OTS, DTS, HDTS) in dry

toluene to improve their dispersion into nonpolar solvent

(Fig. SI-2).† Then dispersion polymerization with methyl-

metacrylate in Isopar G has been done to obtain stable charged

hybrid.23,24 For the polymerization step, two parameters have

been varied: the length of the macro-initiator (Lauryl acrylate

4500 or 21 000 g mol�1, hereaer notedMa)21 and the volume of

the liquid monomer (0.5 or 1 mL). The various physical prop-

erties of the as-prepared inks are all grouped in the Table SI-2.†

The stability of the obtained inks was evaluated thanks to (i) an

Fig. 8 EELS spectra recorded on CoAl2O4 compounds synthesized by
Pechini and coprecipitation routes with post-annealing treatments at
600 �C or 1200 �C and 600 �C or 900 �C respectively.

Table 5 Ratio intensity, energy resolution and position of the EELS
peaks of the spectra recorded on CoAl2O4 compounds synthesized by
Pechini (annealed at 600 �C and 1200 �C) and coprecipitation routes
(annealed at 600 �C and 900 �C). Co3O4 and CoO oxides prepared at
600 �C and 900 �C, respectively have been reported as comparison

Synthesis route T (�C) Res. (eV) Co L3 (eV) Co L2 (eV) I (L3/L2)

Co3O4 reference 600 1.71 774.2 788.4 1.63

CoO reference 900 1.54 772.8 788.0 3.07

Sol–gel 600 2.1 774.0 789.0 2.24
Sol–gel 1200 1.71 773.0 788.0 2.70

Co-precipitation 600 2.3 773.4 788.5 2.41

Co-precipitation 900 2.3 772.5 787.2 3.00

Fig. 9 (a) Scheme of the dual-colour display, (b) photographs (top
views) of the dual-colour display under �150 V.

Table 6 Experimental conditions and characteristics for the silanization and polymerisation of the CoAl2O4 and TiO2 pigments

Silanization

Pigment

Modier +

Vmodier v/v%

Solvant + volume

(mL)

[Pigment]

g L�1
Particle diameter

(nm)

Electrophoretic

mobility (104 mm2 Vs�1)

CoAl2O4-5OTS 5 OTS 10 mL toluene 32.20 281 �0.176

TiO2-1OTS 1 OTS 90 mL toluene 50.00 59 �0.012

Dispersion polymerisation

Hybrid

Monomer +

[monomer] (mol L�1)

[MA(La)]

(mmol L�1)

[Pigment]

g L�1
Particle diameter

(nm)

Electrophoretic

mobility (104 mm2 Vs�1)

CoAl2O4-5OTS-MMA 0.94 MMA 2.67 15.31 595 +0.070

TiO2-1OTS-Sty 0.91 styrene 2.27 10.70 533 �0.656

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 34125–34135 | 34133
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indirect quantication of the sedimentation state from Tur-

biscan analysis: lower is the TSI (Turbiscan Stability Index) and

more stable is the hybrid dispersion (Fig. SI-3†), (ii) a qualitative

estimation of the sedimentation state from the observation of

the as-prepared inks (Fig. SI-4†). The different hydrid particles

were observed by TEM instrument (Fig. SI-5,† for illustration).

Blue hybrid particles were mixed with TiO2 hybrid dispersions

in the proportion 1 : 4 without any charge control agent. To

ensure the stability of the inks, macro-initiator has been used

during the polymerisation. Blue and white hybrid particles

exhibit opposite charges, whereas their isoelectric point are

quite similar (IEPCoAl2O4
¼ 5.1 and IEPTiO2 anatase

¼ 3.4). Actually,

the surface charge has been partially brought by the monomer

used during the polymerisation. As described previously,

CoAl2O4 pigments have been modied with OTS and poly-

merised with MMA whereas TiO2 (anatase) pigments have been

modied with OTS and polymerised with styrene. Characteris-

tics of these dispersions are reported in Table 6.

Detailed description of the complex optimization of the

formulation process of such inks will be described in a further

publication. Finally, these two-coloured dispersions have been

tested into an electrophoretic test-cell (dual colour display) to

observe a contrast between blue and white hybrids on the top

surface of the cell. The display is composed of two electrodes,

one transparent electrode on the top (ITO glass) and one

reective electrode on the bottom (metal). Aer the introduc-

tion of the inks into this device, a potential difference of�150 V

was applied. White particles which are negatively charged

migrate to the top electrode when a negative voltage is applied

whereas blue particles migrate when a positive voltage is

applied (Fig. 9).

4. Conclusion

With the objective, to get nanosized blue inorganic pigment to

be incorporated in inks for instance, our investigation showed

that the blackening of ‘CoAl2O4’ blue pigment is related to the

oxidation of Co2+ into Co3+ (LS) and the stabilization of trivalent

cobalt in octahedral site in substitution of Al3+ ions. Thanks to

a bottom-up and top-down approaches, it has been rst

demonstrated that the inversion rate in this spinel network by

keeping the same oxidation of cobalt (Co2+), cannot explained

the blackening of the inorganic pigment. Furthermore, by

a simple coprecipitation of Al/Co nitrates in basic medium

followed by annealing under Ar, a strong blue pigment can be

obtained at medium temperature, i.e. 900 �C with nanosized

particles around 30–40 nm. The control of the cobalt oxidation

state in this blue pigment is a crucial point which can be ach-

ieved by maintaining a low partial pressure of oxygen at low

temperature in order to get nanosized inorganic particles.

Thanks to a complete structural analysis of cobalt blue spinel,

the origin of blackening has been fully understood and new

solutions have been proposed.

In a last part, CoAl2O4 milled pigments have been modied

to formulate electrophoretic inks. An electrophoretic display

was lled with blue hybrids mixed with TiO2 hybrid in order to

obtain a dual-color contrast.
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