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Abstract

Single-phase nanocrystalline CoAl,Oy4 spinel powder with a high surface area has been directly prepared by an auto-ignited gel
combustion process using citric acid as a reductant/fuel and metal nitrates as oxidants. The molar ratio of fuel to nitrates in the
redox mixture and the subsequent calcination upon the burnt powder were found to have a significant influence on the charac-
teristics of the as-synthesized CoAl,O, crystallites. By controlling the CA/NO3 ratio and calcination temperature, homogeneous
crystalline CoAl,O4 powders with different particle sizes from 9 to 110 nm have been obtained. Gel formation, combustion behavior,
microstructures and properties of the powders were characterized using DTA/TGA, FT-IR, XRD, FESEM, TEM, BET and UV/

vis/IR.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Cobalt—aluminate spinel (CoAl,Oy) is a thermally and
chemically stable pigment of intense blue color, which
has been widely used for the coloration of plastics,
paint, fibers, paper, rubber, phosphor, glass, cement,
glazes, ceramic bodies and porcelain enamels.! CoAl,O4
spinel has been conventionally synthesized using solid-
state reactions which involve the mechanical mixing of
various kinds of cobalt and aluminum followed by a
calcination at ~1300 °C for a long period of time as
well as an extended grinding. Solid-state reaction
requires long-range diffusion of metal ions, which may
result in inhomogeneity, larger and uneven grains
(micron-sized) and poor control of stoichiometry. The
unavoidable sintering caused by the high temperature
calcination leads to materials with a low surface area
typically of the order of 1 to 5 m? g—!'.? The cobalt alu-
minate spinel by solid-state reactions which is opaque
and has good hiding power is classified as ceramics-
grade pigment. Since 1980s, wet-chemical techniques

* Corresponding author. Tel.: +86-21-52411200; fax: +86-21-
52413903.
E-mail address: liwd @mail.sic.ac.cn (W. Li).

0955-2219/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0955-2219(03)00081-5

have been applied to prepare ultrafine CoAl,O4 spinel
such as chemical co-precipitation,>® sol-gel>’ and
polymeric precursor method,® which has laid a good
foundation for the development of the pigment-grade
CoAl,Oy spinel characterized by a fine particle size and
a uniform distribution. The most attractive feature of
the nano-sized pigment is the transparency effects it
shows along with the color generation when dispersed in
a matrix. Transparency and hiding power are two con-
trary characteristics of a pigment, the hiding power of
transparent CoAl,Oy4 spinel is 1/2—-1/3 of that of a con-
ventional one by solid-state reactions.? The special effect
of transparency is very popular in plastics, paints, etc.
Furthermore, CoAl,O4 Spinel by wet-chemical process
has good control of stoichiometry, well-developed spi-
nel-type structure and high purity which are in the
interest of presenting a good tincting strength with a
high degree of color saturation, The dispersity and
dosage of the nano-sized pigment in the matrix is very
important for getting a desired tincting effect and
transparency.

The low temperature combustion synthesis (LCS)
technique has been proved to be a novel, extremely
facile, time-saving and energy-efficient route for the
synthesis of urtrafine powders.”~'! LCS is based on the
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gelling and subsequent combustion of an aqueous solu-
tion containing salts of the desired metals and some
organic fuel, giving a voluminous and fluffy product
with large surface area. In the present study, we report
the synthesis of homogeneous nanocrystalline CoAl,O4
pigments by LCS, an auto-ignited and self-sustaining
combustion of citric acid—metal nitrates gel precursor.

2. Experimental

Analytical-grade Co(NOs3),-6H,O, AI(NOs3);-9H,0
and C4HgO7-H,O (citric acid, abbreviated as CA) were
used as starting materials. An mixed solution of metal
nitrates was prepared by dissolving Co(NOj3),.6H,O
and AI(NO3)3.9H,O in de-ionized water with Co/Al
molar ratio at 1:2. To this solution, right amounts of
aqueous solution of citric acid was added in CA/NO3
molar ratios at 0.22, 0.28 and 0.36. The experimental
compositions are listed in Table 1. Ammonia solution
was slowly added to adjust the PH value at 7. The
mixed solution was then heated on a hot plate with
continuous agitation to evaporate excess water. As
water evaporated, the solution formed a syrupy liquid,
then a transparent viscous gel. The gel precursor was
placed in a furnace preheated to 300 °C, and then

Table 1
Compositions of the starting solutions

Sample  Co(NO3),-6H,0/ A I(NO3);-9H,0/ Citric acid/ CA/

No. mol mol mol NO3!
1 1 2 1.76 0.22
2 1 2 2.22 0.28
3 1 2 2.89 0.36

underwent dehydration followed by decomposition
resulting in deflation with the evolution of large
amounts of gases, producing a dark gray foam. After-
wards the foam was automatically ignited, giving a
voluminous and fluffy product of combustion. The
combustion could be of the flaming type or the smoul-
dering type depending on CA/NOj3 ratio. The flame
extinguished in only a few seconds, while the smoulder
could last for more than 10 min. The type of combus-
tion plays an important role in controlling the particle
sizes of the burnt powders. The effects of CA/NO3 ratio
on the combustion behavior of gel precursors and the
characteristics of the as-synthesized powders were
investigated. The burnt powders were further calcined
at 500, 700, 900 and 1100 °C for 1 h to observe the
microstructural development. The general flowchart for
the process is shown in Fig. 1.

Co(NOs),*6H,0 solution

AI(NO3);3°9H,0 solution

Citric acid

AdjustPH____,

Citrate-nitrate solution

Thermal dehydration ____)]

Transparent viscous gel

Auto-ignited combustion >

Pluffy product

Calcination — )

Single phase CoAl,O4 powder

Fig. 1. Flowchart for the preparation of CoAl,O4 powder.
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Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) of the dried gels and the burnt
powders were carried out with a thermoanalyser
(STA449C, Germany) at a heating rate of 10 °C/min in
static air. X-ray diffraction patterns (XRD) of the gels,
the burnt and the calcined powders were recorded with
an X-ray diffractometer using Cu-Ko radiation (D/max.
2550 V, Japan). The average crystallite size was calcu-
lated employing Scherrer’s equation using the profiles of
the (311) peak of CoAl,O4 spinel. Infrared spectra (IR)
in the range 400-4000 cm~! of the gels and the burnt
powders pressed with KBr were recorded using a Fourier
transform infrared spectrometer (Bio-Rad FTS-185,
America). The particle microstructures were investi-
gated by a transmission electron microscope (JEM-
200CX, Japan). The BET specific surface area was
obtained by a micromeritics surface area analyzer
(model 2400, America), using nitrogen adsorption.
From the diffuse reflectance (R) spectra by a ultraviolet—
visual-infrared spectrophotometer (VARIAN Cary 500,
America), Kubelka—Munk absorption function F(R)
spectra [F(R)=(1—R)?/(2R)] were obtained to show the
color characteristics of the as-synthesized CoAl,O4
powders.!?

3. Results and discussion
3.1. Gel formation

Citric acid with one hydroxyl and three carboxyl
groups is a multidentate ligand. Stable multicomponent
chelates can be prepared by complexing citric acid with
many multivalent ions. The as-formed gel precursors are
amorphous mixtures retaining all the metallic cations in
the desired stoichiometry and homogeneity, which makes
it possible to prepare multicomponent oxides at tem-
peratures much lower than using solid-state reactions.

The FT-IR spectra of citric acid, the gel precursors
and the burnt powders are illustrated in Fig. 2. IR
spectra for gel-1 to gel-3 are quite similar. In citric acid,
the stretching vibrations for free carboxyl groups were
observed between 1760 and 1700 cm~!. This band splits
into two bands at 1754 and 1713 cm™! since citric acid
has two types of carboxyl groups, one middle carboxyl
group and two terminal carboxyl groups (Fig. 2a). After
complexing with metal ions, two new bands occur near
1619 and 1400 cm~' (Fig. 2b-d), representing the
asymmetric stretching and symmetric stretching vibra-
tions for carboxyl ions (COO™). The difference between
vas and vg is 219 cm~!, which indicates that the carb-
oxylate groups are coordinated to the metals in a
monodentate style.!3!* The sharp band at 1713 cm~! is
not found in the gels, only a very small band of free
carboxyl groups near 1754 cm~! can be observed in
them. The bands near 1384 and 832 cm™! are assigned
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Fig. 2. FT-IR spectra of citric acid, gel precursors and burnt powders
with different CA/NO3 ratios.

to (NO3) ions. The bands at 3140 and 3034 cm~! in the
gels are attributed to the stretching vibrations of the
hydrogen-bonded OH groups. The earlier results indi-
cate that Co?>" and AI*™" ions are well coordinated to
the carboxylate groups. After the autoignited combus-
tion of the gels, for CA/NO3 =0.22, no nitrate or
organic residue bands are found (Fig. 2e), associated
with the most intense and complete redox reaction. A
small band near 1617 cm~! and a small band at 1400
cm~! can be observed for CA/NO3=0.28 and 0.36
(Fig. 2f, g), showing the existence of some organic resi-
dues. New bands at 667, 559 and 417 cm~! of the burnt
powders indicate the formation of metal oxide, con-
firmed by XRD as the single-phase CoAl,O4 spinel

(Fig. 5).
3.2. Combustion behavior

The gel precursors with different CA/NO3 ratios
demonstrate different combustion behavior. In the
reaction, metal nitrates act as oxidants and citric acid
acts as a reductant/fuel. Such auto-ignited combustion of
a gel precursor is a self-propagating and non-explosive
exothermic reaction.

For CA/NO3 =0.22, the combustion proceeded most
intensively and quickly, with flame emitting bright light,
and formed bright blue pluffy foam-like product which
could easily be ground to fine powder. The duration of
the flame is about 10 s. Gel-1 is typified by one sharp
and highly intense DTA exothermic peak at 266 °C
(Fig. 3a) associated with a nearly vertical weight loss
step (Fig. 3b), indicating a single temperature flash
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decomposition initiated by an autoignition mechanism.
For CA/NO3 =0.28, the combustion was rather mod-
erate compared with the former one, with a weak flame
lasting for about 20 s, and generated pluffy foam-like
product. The foam is mainly of bright blue color tinged
with dark gray, which implies that the redox reaction is
not complete. The DTA curve of gel-2 (Fig. 3c) shows a
sharp exothermic peak at 252 °C which is weaker than
the exothermic peak of gel-1, an evidence of the main
decomposition of the gel during the combustion. There
is a second broad exothermic peak between 400 and
500 °C. Accordingly the TG plot of gel-2 demonstrates
two weight loss steps, a nearly vertical one at 252 °C
and a continuous weight loss at a lower rate up to
600 °C (Fig. 3d). For CA/NO3 =0.36, only a faint dark
red smoulder with no flame intermittently propagated
through the bulk of precursor for more than 10 min,
resulting in a pluffy grayish black product. The DTA
curve of gel-3 (Fig. 3e) shows two distinct exothermic
peaks at 260 and 440 °C with comparable intensities,
related to two distinct weight loss steps (Fig. 3f). The
second exothermic steps in DTA curves of gel-2 and gel-3
are presumably due to the combustion of the remaining
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Fig. 3. DTA curves of (a) gel-1 (c) gel-2, (e) gel-3, and TG plots of

(b) gel-1 (d) gel-2, () gel-3.

organic residues and the oxidation of some carbonac-
eous residues (Fig. 3c, e).

Fig. 4 shows DTA/TG curves of the combustion-
derived powders in order to further investigate the sub-
sequent calcination process. For CA/NO3=0.28
(Fig. 4b), the DTA curve shows an exothermic peak at
371 °C, associated with a~5 wt.% weight loss (Fig. 4e).
For CA/NO3=0.36 (Fig. 4c), the exothermic peak
occurs at 419 °C, corresponding to much higher weight
loss of ~35 wt.% (Fig. 4f). For CA/NO3=0.22
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Fig. 4. DTA and TG curves of the burnt powders.
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Fig. 5. XRD patterns of (a) burnt powders, and calcined powders at
(b) 500 °C, (c) 700 °C, (d) 900 °C, (e) 1100 °C for 1 h, identified as
single-phase CoAl,Oy4 spinel crystallites.
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(Fig. 4a), DTA curve shows no exothermic peak, related
to no weight loss (Fig. 4d), which further proves that the
redox reaction is complete. It is apparent that tempera-
ture higher than 420 °C is required for organic and car-
bonaceous residue removal.

The smouldering combustion (CA/NO3 =0.36)
derived powder has the largest surface area of 77 m?
g~!. While the flaming combustions with larger heat
released by intense redox reactions result in much less
residues but lower powder surface area as well, 53 and
45 m? g~ ! for CA/NO3 =0.28 and 0.22, respectively.

The stoichiometric composition of the redox mixture
for the combustion synthesis can be calculated accord-
ing to the concept of propellant chemistry,'> based on
the equality of total oxidizing and reducing valencies of
the oxidant and the fuel for the maximum energy
release. But the exact stoichiometric composition for a
given system cannot be calculated unless the exact final
oxidation state of nitrogen, carbon and hydrogen, as
well as that of the constituent metal elements are
known.'® Obviously the hypothetic stoichiometric CA/
NO3 ratio of 0.28 based on simply postulating the
nitrogen in the combustion product as N, (Ref. 17) does
not reflect the true stoichiometric composition in our
case. In this study, the heat evolution is maximum when
CA/NO3 =0.22 with a single step exothermic reaction.
For CA/NO3 =0.36, the excess of fuel in the mixture
requires some additional time to react with the ambient
oxygen, maintaining the system at an elevated tempera-
ture for a relatively longer period of time, while it can be
presumed that the flame temperature is the lowest one
associated with the mildest exothermic reaction among
the three combustions. When CA/NO3 =0.28, the fuel
is slightly rich with a small secondary exothermic peak
to remove a small amount of residues.

3.3. Phase formation and morphology

XRD patterns (Fig. 5) show that crystalline cubic
spinel CoAl,O4 was formed as the only phase present
directly by the self-ignited combustions of all the three
gel precursors, with particle sizes of 9.0, 15.6 and 19.1
nm (calculated by Scherrer’s equation), respectively for
CA/NO3 =0.36, 0.28 and 0.22. The crystallite size of
the burnt powders increases with the intensification of
the exothermic reaction. The particle size remains con-
stant after 1 h calcination at 500 °C, therefore calcina-
tions at 500 °C can effectively remove the residual
carbon in the three burnt powders, the elevation of
XRD peaks for CA/NO3 =0.36 and 0.28 results from
the elimination of amorphous residues as confirmed in
Fig. 5. The crystallites grow after being calcined at
700 °C or higher temperatures. The particle size increa-
ses with the enhancement of calcination temperature,
and has a drastic lifting from 30 to 40 nm (900 °C) to
110 nm (1100 °C) (Fig. 6).

It is apparent that 0.22 is the most appropriate CA/
NOg3 ratio of fuel to oxidant for complete reaction,
while the highest flame temperature brought by the
most violent reaction leads to the largest primary parti-
cle size among the three starting compositions. It is
suggested that a mild reaction between fuel and oxi-
dants is necessary to produce finer crystallites at lower
temperature.

Fig. 7 presents the general morphology of the burnt
and calcined powders. The average particle size appears
consistent with the data calculated by Scherrer’s equa-
tion. The calcined powders are constituted by homo-
geneous nano-sized particles growing with increasing
calcination temperature.

Kubelka—Munk absorption function F(R) spectra of
the calcined powders are shown in Fig. 8, presenting
the characteristic spectrum of Co?" in tetrahedral
coordination, with a triple absorption peak in the visi-
ble region around 545 nm (green region), 585 nm (yel-
low—orange region), and 625 nm (red region), and
with a multiple reflection valley around 496 and 465
nm (blue region), which gives rise to the blue color."”
Compared with the CoAl,O4 spinel powders calcined
at 900 °C, those calcined at 1100 °C bear lower
absorption in the 545-625 nm region, but higher
reflection in the blue region, especially a lower and
broader valley in the region 425-465 nm, exhibiting
bluer color hues. Regarding the 900 °C calcined
powders, they display more like a sky-blue hue. The
as-synthesized homogeneous and size-controllable
nanocrystalline CoAl,O4 spinel pigment is expected to
exhibit good transparency and tincting strength as a
brilliant, lightfast and inert inorganic colouring agent in
different matrices, its coloring performances will be
reported later.

120
100+ —o— CAINO,=0.22
—a— CA/NO,=0.28
£ 804 —x— CA/NO,=0.36
c
®
N
» 604
2
Q
»— O
b=
®@ 404 u
a / ;
204 0“07’3 /
0 ! | | ! |
burnt powders 500 700 900 1100

Calcination Temperature/'C

Fig. 6. Effect of calcination temperature on the particle size of
CoAl,O4 crystallite.
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Fig. 7. TEM micrographs of (a) burnt powders, and calcined powders at (b) 700 °C, (c) 900 °C, (d) 1100 °C for 1 h.
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Fig. 8. Kubelka—Munk remission function spectra of the combustion
derived CoAl,O4 powders. CA/NO3 =0.22, calcined at (c) 900 °C,
(d) 1100 °C for 1 h. CA/NO3 =0.28, calcined at (b) 900 °C, (f) 1100 °C
for 1 h. CA/NOj3 =0.36, calcined at (a) 900 °C, (e) 1100 °C for 1 h.

4. Conclusions

Pure and homogeneous nanocrystalline CoAl,Oy4 spi-
nel powders have been directly prepared by the auto-
ignited combustion of citric acid-nitrates gel precursors.
The combustion products are in the form of loose
agglomerates which are easily ground to fine powders.
The powder characteristics are strongly dependent on
the amount of heat, or the flame temperature generated
by the redox reaction, which is a function of the fuel-to-
oxidant ratio used in the starting composition. It is
suggested that a mild reaction between fuel and oxi-
dants is necessary to produce finer crystallites at lower
temperature. The CoAl,Oy4 spinel particle size increases
with the enhancement of calcination temperature, and
has a drastic lifting from 30 to 40 nm to 110 nm when
calcined at 1100 °C instead of 900 °C. The synthesized
homogeneous nano-sized CoAl,O,4 spinel powders dis-

play bright blue color with a triple absorption peak
around 545, 585 and 625nm, and with a multiple reflec-
tion valley around 496 and 465nm.
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