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ABSTRACT
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The aim of this study was to determine the effect of different complexing agents and of the annealing tem-
perature on the structural, morphological and optical properties of the synthesized precursors. Thus, cobalt
aluminate nanoparticles were prepared by the sol-gel method using polyacrylic acid, glycine or citric acid as
complexing agents. The synthesis performed at 500°C for 5 hours led to dark green powders composed of solid
solutions denoted Co?* [Al3(_) Co371Q and of amorphous alumina (39.8wt%). Calcination at temperatures
above 900°C caused the powder colour to change from dark green to blue. A direct spinel structure Co?* [AI3*]

04 is all the more achieved as the annealing temperature is high. The powder obtained using polyacrylic acid as
the complexing agent at 900°C for 5 hours revealed the best morphology; it consisted of agglomerates of primary
particles with a quasi-spherical shape and a size in the range 20-40 nm.

1. Introduction

Transition-metal aluminates with general formula MAl,O4 (M: Ni,
Co, Fe) have attracted significant attention in recent decades because of
their fundamental and applied interest. The excellent physical proper-
ties of these materials offer many possibilities for use in different fields,
such as coatings, pigmentation and photocatalysis [1-6].

Cobalt aluminate spinel(CoAl,0,) is known for its blue colour and it
is widely used as pigments for ceramics, paints, fibres and so on. Among
its advantages, this compound presents high thermal and excellent
chemical stability [7-10]. The spinel oxides powders are generally
prepared by solid state reactions[11,12]. This method has the ad-
vantage of being simple and inexpensive, but it requires long thermal
treatments at high temperatures (T~1300°C) [13,14]. Therefore, the
resulting powders exhibit a low specific surface area, with morpholo-
gies that are most often heterogeneous. Recently, several research
studies have focussed on the preparation of ultrafine CoAl,O, powder
for its use in the decoration of ceramics by ink-jet printers, which re-
quires nanometric sizes to avoid clogging of the nozzles [15].

For the reasons described above, several soft-chemistry methods
have been studied to prepare these materials, namely, the hydrothermal
method [16], the co-precipitation route, the molten salt synthesis [17],
the sol-gel process [18] and recently, the polymerisable complex
method [19,20].This last method provides nano-sized oxide powders
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with high chemical and morphological homogeneities. This process
uses a carboxylic acid as a chelating agent towards metal cations, which
allows a mixed precursor to be obtained. The calcination of this latter
leads to the formation of the mixed oxide at a relatively low tempera-
ture [21]. Several authors have shown that the morphological char-
acteristics of powders synthesized by this process depend on the che-
mical nature of the chelating agent, the reaction pH, the calcination
temperatureand so on [22-26].

The aim of this work is to prepare nanosized CoAl,0,4 powders using
sol-gel synthesis with different complexing agents (polyacrylic acid,
citric acid and glycine) at pH 7 and with different calcination
temperatures.Then, the effect of the synthesis parameters on the
structural, morphological, optical and magnetic properties of CoAl,04
nanoparticles is studied. The use of this powder as a blue pigment is
discussed.

2. Materials and methods

2.1. Synthesis

Cobalt nitrate Co(NO3)2*6H,0 (99.0%, Aldrich) and aluminum ni-
trate AI(NO3)3*9H,0 (99.0%, Aldrich) were dissolved in water at a
molar ratio 1/2. Then an excess of one of the following complexing and
gelling agents was added: polyacrylic acid (PAA) at a concentration of
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100 g L™, citric acid (CA) with molar ratio CA/cations=3 or glycine
(Gly) with a molar ratio Gly/nitrate=2/3. After adjusting the pH to 7
by adding an ammonium hydroxide solution under constant stirring,
the solution was evaporated at 80°C until obtaining a viscous gel, that
was dried at 120°C for 24 hours (precursor noted PRO). Then the or-
ganic matter was removed by a precalcination at 300°C for 12 hours
under air and cobalt aluminate samples noted PR1, PR2 and PR3 were
obtained by annealing for 5 hours at respectively 500, 900 and 1100°C.

2.2. Characterization

The decomposition in air atmosphere of the pre-calcined powders
(PRO) was investigated by differential thermal analysis and thermo-
gravimetric analysis using a simultaneous DTA/TGA analyzer (DTA-TG-
60H Shimadzu); the heating rate was set at 2.5°C/min. The X-ray dif-
fraction patterns of the powders were recorded by means of a dif-
fractometer equipped with a detector Lynx Eye (Bruker D8 Advance,
Acuka =1.5406 A). The infrared spectra were taken using FTIR spec-
trometer (IR affinity-1S Shimadzu). The morphology and size of the
powders were examined with a field emission scanning electronic mi-
croscope (JEOL JSM 6700F) and the specific surface area were de-
termined by the BET method (Micrometrics Flowsorb II 2300). The
magnetic measurements were performed using a superconducting
quantum interference magnetometer (SQUID, MPMS-XI). The absor-
bance spectra were determined by UV-Vis spectrophotometry (Perkin
Elmer Lambda 35) and the colorimetric parameters (L*, a* and b*) were
measured in the system (CIE) using a colorimeter (Chroma Meter CR-
400/410, Konica Minolta).

3. Results and discussion
3.1. Thermal analysis

The thermal analysis curves of the PRO precursors prepared with
different complexing and gelling agents and obtained after pyrolysis at
300°C for 12 hours are illustrated in Fig. 1. The TG curves of the PROpaa
and PROgy, precursors (Figs.1a and 1b) showed a total weight loss of
about 15% and 12%, respectively, due to the elimination of the ad-
sorbed water and the organic residues. The thermogram of the PROca
precursor presented a weight loss of about 23%, and the DTA curve
showed a strong exothermic peak around 415°C (Fig. 1c). This could be
attributed to the combustion of organic matter [27]. An additional
slight endothermic inflection at 920°C was observed for the three pre-
cursors decomposition; this phenomenon might be due to the reduction
of trivalent cobalt.

3.2. Powder X-ray diffraction analysis

The XRD patterns of the samples prepared with PAA, CA and Gly as
complexing agents and heat treated at different temperatures are given
in Fig. 2. Those of PROpas and PROgy, showed some small peaks, in-
dicating the beginning of crystallization, while the one of PROCA
showed an amorphous phase. The annealing at 500°C/5h of PRO pre-
cursors with different complexing and gelling agents led to dark green
powders PR1. The XRD patterns of these powders showed several peaks
at 20 values of 31.1°, 36.8°, 44.7°, 55.7°, 59.4°, 65.3°, 74.2°and 77.4°.
These peaks could be indexed with space group Fd3m to (220), (311),
(400), (422), (511), (440), (620) and (533) planes of a cubic unit cell.
The Rietveld refinement pattern of the PR1 sample obtained with PAA
as complexing agent is given in Fig. 3. The corresponding data (Table 1)
showed that cobalt ions were located both in the tetrahedral 8a and
octahedral 16d sites, whereas the aluminium ions predominantly oc-
cupied the octahedral 16d sites. This could indicate a partial oxidation
of Co?* in Co®*, giving the sample a greenish hue. Moreover, the
structural properties (cell parameter, cell volume and density) deduced
from the Rietveld refinement (Table 2) are intermediate between those
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Fig. 1. Thermal analysis (TGA-DTA) curves of dried gel precalcined at 300°C for
12h PROpaa (@), PROgyy (b) and PROAc (c).

of the direct spinel phases Co?>* [Co3*]04 and Co?* [AI3*]0,. It is then
concluded that the PR1 dark green powders are solid solutions between
the two spinel phases, denoted Co?* [ALZ{ ) Co3; 104.

In these PR1 powders, the unreacted aluminium is present, beside
the crystallized spinel phase, under the form of amorphous alumina. In
agreement with Yan et al [28], the internal standard method was in-
volved to quantify the amorphous phase in the samples. This method
consists in using an exact quantity of well-crystallized a-Al,0; powder
to be mixed and milled with the studied sample. The calculation of the
percentage of amorphous phase present in a powder was done using the
FullProf software by Rietveld refinement of diagram patterns. The
percentages of the phases obtained by refinement were corrected with
those of the prepared mixture. This allowed the rate of amorphous
phase to be deduced. The content in amorphous alumina of the PRpaa
sample is about 39.8 wt%.

Whatever the nature of the complexing agent, blue powders PR2
and PR3 were obtained by annealing the PR1 powders at respectively
900°C/5h and 1100°C/5h. Their XRD patterns (Fig. 2) showed the same
system of lines as the PR1 samples but they were narrower and became
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Fig. 2. X-ray powder diffraction patterns of PRO, PR1, PR2 and PR3 samples.

more intense, indicating higher crystallinity. All the diffraction peaks
well matched with the standard JCPDS data for the direct spinel
Co2*[AI3*]0,4 (JCPDS file n° 70-0753). The appearance of the reflec-
tion 331 at 49.3° (Figs. 2 and 3) is characteristic of the blue spinel
compound Go?*[AI3*104 [29]. The structural analysis by XRD re-
vealed that no effect of the complexing agent was observed for the
samples obtained at a annealing temperature equal or superior to
900°C. The structural refinement for PR2pss and PR3paa samples
(Table 1) showed that the cobalt ions were located in tetrahedral sites
and the aluminium ions occupied octahedral sites. This confirms a
structure close to that of the direct spinel Co?* [AI3*]0,. The structural
properties (cell parameter, cell volume, density) also became closer to
those of this spinel (Table 2). Simultaneously the amount of amorphous
alumina decreased respectively to 8.3 and 2.9 wt%.

Consequently the transformation of the intermediate dark green
solid solutions PR1 obtained at 500°C in blue spinel phases close to
Co%*[AI3%]10, can be explained, in agreement with Pacewska et al
[301, by the incorporation of amorphous alumina according to Eq. (1):
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Fig. 3. Experimental, calculated and difference signals for PR1 (a) and PR2 (b)
samples.

Table 1
Rietveld refinement for PR1paa, PR2paa and PR3paa samples.
Sample Atom  Wyckoff O Biso
Positions quality
X=y=z parameters
PR1 (500°C/5h)  Co 0.125 0.78 0.114(5) Rp=0.87%

Al 0.125 0.08 0.114(5) Rwp=1.09%
Co 0.5 0.51 0.207(3) x>=1.03
Al 0.5 0.43 0.207(3)
o 0.262(4) 1 0.502(6)

PR2 (900°C/5h)  Co 0.125 0.88 0.899(3) Rp=0.87%
Al 0.125 0.02 0.899(3) Rwp=1.08%
Al 0.5 0.84 0.642(7) ¥ 2=1.05%
Co 0.5 0.10 0.642(7)
o 0.263(3) 1 0.744(5)

PR3 (1100°C/5h) Co 0.125 0.90 0.468(4) Rp=0.95%
Al 0.125 0.10 0.468(4) Rwp=1.20%
Al 0.5 0.92 0.314(3) x ?=1.18%
Co 0.5 0.06 0.314(3)
o 0.264(6) 0.268(5)

Co** [AP*51_1yC0%*5,] 05 + 3xAL0s — (1 + 2¢)Co?*[AP+,] 0, + 1/20,
@
The transformation is all the more complete as the annealing tem-

perature is high. The mechanism of amorphous alumina insertion
during the calcination of the gels is illustrated in Fig. 4.

3.3. FTIR spectroscopy analysis

The infrared spectra of the prepared samples are given in Fig. 5. The
PROpaa and PROgyy spectra show two weak bands in the spectral range
500-700 cm ~ . While in the PROcs spectrum, no IR band is observed.
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Table 2

Structural properties and amorphous phase ratio for PR1, PR2 and PR3 sample obtained by Rietveld method refinements.

Structural properties Co30, JCPDS 76-1802 Samples CoAl,0,4 JCPDS 70-0753
PR1paa (500°C/5h) PR2paa (900°C/5h) PR3paa (1100°C/5h)
Cell parameters (A) 8.072 8.076(4) 8.092(4) 8.097(1) 8.095
Volume (A)? 525.95 526.68 529.71 530.85 530.46
Density (g/cm®) 6.08 5.74 4.72 4.69 4.43
Amorphous phase ratio (Internal standard method) 39.8 8.3 29
The PR1 spectrum shows two bands in the spectral range 500-700 cm ™ * x C
whatever the nature of the complexing agent. These bands could be T + 6p 3

attributed to the Co®* [ A3 ) Co37 10, solid solution. The width of the
peaks indicates the presence of amorphous phases in the sample [13].
When the thermal treatment raised-up 900°C (PR2 and PR3), a sup-
plementary band appeared at 501 cm ™! and the two other bands be-
came more visible at 563 and 669 cm ™. These three bands are attri-
butable to the vibration modes of the CoAl,O, phase [31]. These results
are in good agreement with XRD analysis.

3.4. Magnetic measurement

The mixed and direct spinel structures were characterized using
magnetic measurements. The PR1paa and PR2pss powders were ana-
lysed using a SQUID magnetometer in the temperature range 50-300K.
Isothermal magnetization measurements (o) as a function of the applied
field (H) were performed at 50 and 300K. The evolutions of o=f (H)
curves illustrated in Fig. 6a and b showed that the magnetization o is a
linear function of the applied field, according to the following equation:

o= x-H 2

x: the magnetic susceptibility of the compound.

H: the applied field (Oe).

Therefore, the PR1pas and PR2pas compounds exhibited a para-
magnetic behaviour at 50 and 300K. A small deviation of the slope of
o=f(H) was observed between PR1pss and PR2ps,; this indicated a
significant influence of the calcination temperature on the magnetic
properties of the samples studied.

Magnetic susceptibility measurements 5y were made under a con-
stant field of 10,000 Oe in the temperature range 50-300K, as presented
in Fig. 7. The obtained curves evolutions were in good agreement with
the Curie-Weiss law and could therefore be given by the following
equation:

Gel

Pyrolysis
300°C/12h

Black powders
PRO

T2900°C/5h L,

T

T=500°C/5h

C: Curie constant.
T: Temperature (K).
Op: Paramagnetic Curie temperature (K).

Based on the linear evolution of the inverse molar magnetic sus-
ceptibility, the effective magnetic moment could be extracted for dif-
ferent samples. The value obtained for PR2pas Was close to 4.65,5. This
value characterizes Co?* in a tetrahedral site with a spin-orbit inter-
action (Lande g-factor [g]=2.4 and a spin [S]=3/2) [12]. This con-
firmed the Rietveld refinements, which presented a direct spinel
structure for the PR2p54 sample. However, the observed value for PR1
was 3.74 pj far from that of isolated Co?* (g = 4.65,p). This sug-
gested that a mixture of Co®>* and Co®*existed in this compound
[32,33]. Table 3 shows the comparison of the experimental values of
the effective magnetic moments with those theoretically obtained by
applying the following equation [34]:

i |
e = 1 e (Coff ) + 2myu g (Codit)* &)

n: percentage of the crystalline phase obtained by the internal standard
method.

In Eq. (4), x and y are the fraction of cobalt Co?* in tetrahedral sites
(Td) and the fraction of Co®* in octahedral sites (Oh), respectively. The
theoretical values of . (Co%d) = 4.654; and p.q(Codt) = Oug (Co®*
was considered in low spin). The effective magnetic moments calcu-
lated by Eq. (4) were close to those obtained experimentally; and
confirmed the results obtained by Rietveld refinement analysis.

3.5. Colour characterization

The heat treatment (500 <T<1100°C) under air of the precursors
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Fig. 4. Mechanism of alumina insertion.
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Fig. 5. FTIR spectra of PRO, PR1, PR2 and PR3 samples prepapred by different
complexing agents.

pre-calcined at 300°C for 12h (PRO black) led to different shades of
coloured powders. Indeed, the green colour was obtained at 500°C/5h
(PR1) while the blue colour was observed from 900°C/5h (PR2 and
PR3) (Fig. 8). The colorimetric and UV-Visible analyses were performed
in order to correlate the optical properties with the chemical compo-
sition of the obtained powders. The PR1 powder obtained at 500°C had
weak parameters a* and b* where the observed colour is of green
shade. At temperatures above 900°C (PR2 and PR3), the parameter
(-b*) indicating the degree of blueing increased strongly so the blue
shade was then observed. The colour shift from green to blue could be
explained by the reduction of Co®* to Co®>* with a change of co-
ordination [35]. This blue color which represents CoAl,0, compound
was confirmed by three absorption bands in UV-Visible observed at
551, 590 and 628 nm (Fig. 9) which are due to the permissible spin
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Fig. 6. Isothermal magnetization versus applied magnetic field for PR1 and PR2
samples.
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Fig. 7. Magnetic susceptibility for PR1 and PR2 samples.
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Table 3
Effective magnetic moments of samples PR1paa and PR2pps.

Samples Hefi(theoretical)(HB) Hetf(experimenta))(1B)
3.59 3.74
4.52 4.58

transitions of 3d electrons of Co?* ions in tetrahedral coordination
[4A2 (F) — 4T1 (P)] which are responsible for the blue colouring [36].

3.6. Microstructure characterizations

The FE-SEM micrographs of the Co?* [Al3¢ ,yCo3, 10, blue powders
(PR2 and PR3) prepared with different complexing agents are presented
in Fig. 10. The images of PR2paa (Fig. 10a) revealed ultrafine powders
with quasi-spherical shapes and a size of 20-40 nm. In PR3pss, the
particle sizes grew with increasing calcination temperatures, as shown
in Fig. 10b. The powders, obtained at 900°C for 5 hours and synthesized
using citric acid as the complexing agent (PR2¢,), showed agglomerates
of variable shapes and the particle diameter was in the range 15-40 nm
(Fig. 10c). The increase of the annealing temperature (1100°C for 5
hours) favoured the densification of the powder (PR3ca), which in-
dicated a pre-sintering. Grain growth was also observed (Fig. 10d). In
contrast, in the powders obtained using glycine as the complexing agent
(PR2gy,), the powders were formed by porous agglomerates consisting
of very fine particles that were difficult to individualize (Fig. 10e). The
increasing of the annealing temperature created compact agglomerates,
indicating an early pre-sintering (Fig. 10f). These powders had the
particularity of being porous, which is due to the sudden departure of
gases produced during the combustion of the precursors.

Surface area measurements (BET) were carried out for the different
samples. As shown in Table 4, the specific surface area decreased with
the annealing temperature and reached a high value (34 m2g~?) for the
PR2pps powders.

628 nm
590 nm

N 551nm,
=3
<
Et PR3pan
|
<
£
2

PR2pan

50 50 60 60 70 70
Wavelength (nm)

Fig. 9. PR2paa and PR3pas UV-Visible spectra.

4. Conclusion

Cobalt aluminates nano powders were prepared through sol-gel
method. Further heat treatment performed at 500°C for 5 hours led to
green powders. The composition was a mixed valence spinel structure
denoted Co?*[A3} 5 Co3; 104 with a 39.8% Wt% amorphous phase.
Calcinations at temperatures above 900°C created blue powders with a
direct spinel structure (CoAl,04). The colour shift from green to blue
was explained by the reduction of Co®* to Co?* with a change of co-
ordination. The influence of the complexing agent on the texture of the
elaborated powders was remarkable. Indeed, the powder prepared
using polyacrylic acid as the complexing agent and obtained at 900°C
for 5 hours (PR2pas) shows homogenous morphology; it consists in
agglomerates of primary particles of quasi-spherical shape with a size in
the range 20-40 nm.

500°C|/5h

1100°C/5h

L*=30.37
a*=-1.57
b*= 1.18

[ %

L*=38.15
a*=-2.04
b*=-22.09

-
L*=40.84
a*=12.2
b*=-37.43

Fig. 8. L * a * b * Colourimetric parameters of powders prepared by PAA as complexing agent at pH = 7.
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PR3 (1100°C)

Fig. 10. SEM micrographs of samples obtained at 900°C (a,c,e) and 1100°C (b,d,f) with different complexing agents.

Table 4 Declaration of Competing Interest
BET surface area for PR2 and PR3 as a function of the complexing agent.
Sample/Complexing agent Surface specific area (m?/g) All authors declare no conflict of interests.
PAA Citric acid Glycine
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