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a  b  s  t  r  a  c  t

New  NixMg1−xAl2O4 nanosized  in  different  composition  (0.1  ≤  x ≤ 0.8)  powders  have  been  synthesized
successively  for  first  time  by  using  low  temperature  combustion  reaction  (LTCR)  of  corresponding  metal
chlorides,  carbonates  and  nitrates  as  salts  with  3-methylpyrozole-5-one  (3MP5O)  as  fuel  at  300 ◦C  in
open  air  furnace.  Magnesium  aluminate  spinel  (MgAl2O4)  was  used  as  crystalline  host  network  for  the
synthesis  of  nickel-based  nano  ceramic  pigments.  The  structure  of  prepared  samples  was  characterized
by  using  different  techniques  such  as  thermal  analysis  (TG–DTG/DTA),  X-ray  powder  diffraction  (XRD),
-Methylpyrozole-5-one
alcination time
article size
EM
iffuse reflectance spectroscopy

Fourier  transform  infrared  spectroscopy  (FT-IR)  and transmission  electron  microscopy  (TEM).  UV/Visible
and  Diffuse  reflectance  spectroscopy  (DRS)  using  CIE-L*a*b*  parameters  methods  have  been  used  for
color measurements.  The  obtained  results  reveal  that  NixMg1−xAl2O4 powder  of samples  is formed  in  the
single crystalline  and  pure  phase  with  average  particle  size  of  6.35–33.11  nm  in the  temperature  range
500–1200 ◦C.  The  density,  particle  size,  shape  and  color  are  determined  for all  prepared  samples  with
different  calcination  time  and  temperature.
. Introduction

Nano pigments have recently gained a wide range of indus-
rial applications [1,2]. The nano inorganic pigments are considered
nsoluble, chemically and physically inert into the substrate or
inders, with a particle size less than 100 nm.  For example, mica-
ased pigments (particle size less than 20 nm)  with pearlescent
ffect are used in cosmetics, automobile coating and plastics [3–5].
eramic pigments based on oxides, spinels, aluminates, etc., are
repared with blends of oxides as starting mixtures with the
roper particle size distribution of powders [6,7]. Spinel-type
xides AB2O4, where A and B stand for two different cations of
omparable ionic sizes which are suitable for a wide range of
pplications, such as magnetic materials, refractory and semicon-
ucting properties [8,9]. In recent years, much work has been
one on the preparation and the optical properties of spinel
aterials [10–12].  Ceramic pigments are synthesized by sev-

ral solution techniques such as sol–gel [13–16],  co-precipitation

13], hydrothermal [14,15], alkoxides hydrolysis [16–18],  Penchini

ethod [19,20] and low combustion method [21–23].  The prop-
rties of final powder depend on the preparation methods and
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calcination temperature and time. Modification of physical prop-
erties of solid solution can be associated with dopants cations and
with changes defect in compounds structure. Nickel–iron black
ceramic pigments [24] of (Fe0.8Mg0.2)(Fe0.2Ni0.8Cr)O4 prepared by
polymeric gel routes, yellow pigments [25] of Ti1−2xNbxNixO2−x/2
synthesized using the sol–gel method, yellow or yellow-green
pigments [26] cyclo-tetraphosphates of Zn2−xNixP4O12 as spe-
cial pigment, yellow colored pigments [27] of ZnxNi1−xWO4
obtained using a polymeric precursor method and the transition
metal ions nickel-doped ZnO-based ceramic pale yellow pigments
can be prepared by combustion synthesis [28–32].  The type of
matrix, doping cation and its amount will show an effect on the
pigment color.

In our previous work, we produce nanosized of ceramic pig-
ments using urea as fuel [33,34].  The synthesis of homogeneous
nanocrystalline powders of NixMg1−xAl2O4 structure as ceramic
pigments via low temperature combustion method by using 3-
methylpyrozole-5-one (3MP5O) as a fuel is prepared.

2. Experimental
2.1. Materials and reagents

All the starting chemicals used in this study are of pure grade:
aluminum chloride hexahydrate (AlCl3·6H2O) (Aldrich), magne-
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Fig. 1. Thermal analysis for 0.50 mol  of Ni2+ sys

ium chloride hexahydrate (MgCl2·6H2O) (Aldrich), cobalt chloride
exahydrate (NiCl2·6H2O) (Aldrich), sodium carbonate (Na2CO3)
Merck), 3-methylpyrozole-5-one (3MP5O) and nitric acid (HNO3)
5% (Merck).

.2. Preparation of nanosized NixMg1−xAl2O4 ceramic pigment

NixMg1−xAl2O4 pigments (0.1 ≤ x ≤ 0.8) were prepared by using
etal chloride as a salt and then dissolved in distilled water, precip-

tated with sodium carbonate, good washing and drying. Then the
bove mixture was dissolved in nitric acid, heated to become clear
olution, cooled to room temperature, and then 3-methylpyrozole-
-one (3MP5O) was added as a complexion agent. The resulting
olution was heated until clear gel solution appears, transferred
nto furnace that was preheated to 450 ◦C. The precipitate initially
tarted to swell and fill the beaker, producing a foamy precursor;
his foam consists of very light and homogeneous flakes of very
mall particle size.

.3. Characterization

Thermogravimetric analysis (TGA; DTA Instruments, SDT2960)
f the precursor samples was studied using Shimadzu DT-50 ther-
al  analyzer. Samples were carried out in static atmosphere of

ir against �-Al2O3 as a reference at a constant heating rate of
0 ◦C/min. The experiments were carried out in the temperature
ange between room temperature and 1000 ◦C. X-ray diffraction
nalysis was performed on SIEMENS D5000. The patterns were run
ith Cu-filtered Cu-K� radiation (1.54 Å) energized at 45 kV and

0 mA.  The samples were measured at room temperature in the
ange from 2� = (20–80◦). Phase formation and particle size of prod-
ct were identified by using X-ray diffraction analysis data. The
orphology and particle shape for the calcinated powder were

erformed using TEM, modal EM 10 Zeiss, at 60 kV by dispersed
ample in water on a copper grid. Infrared spectra of the samples
ere recorded in the range of 200–4000 cm−1 using Jasco FT/IR-

60 plus. The method includes mixing few milligrams of calcinated
owder of the sample with potassium bromide KBr powder in
gate mortar. The mixture was then pressed by means of hydraulic
ress. The absorbance was automatically recorded against wave
umber cm−1. The functional groups of calcinated powder were
haracterized by infrared spectra. The diffuse reflectance of fired

igments was  measured in JASCO spectrophotometer UV–visible

n 200–800 nm range using standard D65 illumination and barium
ulfate as reference and the CIE-L*a*b* colorimetric method, rec-
mmended by the Commission International de l’Eclairage (CIE)
sing 3-methyl pyrozole-5-one (3MP5O) as fuel.

[36]. Spectrophotometer measurements were carried out using
JASCO V530 UV/Vis Spectrophotometer in the range of 400–800 nm
for both calcinated samples using 10 mm-matched quartz cells.
The mixtures of prepared sample were calcinated in alumina
crucibles.

3. Results and discussion

3.1. Thermal analysis

The thermogravimetric analysis for 0.50 mol  of Ni2+ system
using 3-methylpyrozole-5-one gives a weight losing of system
changes in three steps as shown in TG-curve for ash material as
present in Fig. 1. The loss of 18.5% (calc. 18.0%) by weight in the
first step within the range 50–120 ◦C occurs by the elimination of
the humidity water in sample. The lose of 38.5% (calc. 36.02%) in the
second and third steps in the range 100–450 ◦C occurs due to evolu-
tion of 3CO2 and O2 gases from sample. Four peaks in DTG curve that
are shown at 80, 150, 280 and 450 ◦C. DTA shows four endother-
mic  peaks at 80, 150, 250 and 700 ◦C and one exothermic peak at
450 ◦C. The first two endothermic peaks occur for the elimination
of the water and the second for the decomposition of carbonate
into CO2. The exothermic peak is occurring due to complete com-
bustion and elimination of the residual organic material in sample
as carbon dioxide. The fourth endothermic peak is due to phase
formation and appearance as horizontal line plateau assigned to
formation of nano sized of suitable pure phase under this method.
The calcination steps for this system can be represented as the
following:

(NiO)0.5Mg0.5(CO3)3Al2O3 · 5H2O
50–200 ◦C−→ (NiO)0.5Mg0.5(CO3)3Al2O3 + 5H2O

(NiO)0.5Mg0.5(CO3)3Al2O3
200–450 ◦C−→ Ni0.5Mg0.5Al2O4 + 3CO2 + O2

3.2. Infrared spectra

Infrared spectra (IR) for 0.10 (A), 0.50 (F), 0.80 (M)  mol  of Ni2+

systems using 3-methylpyrozole-5-one as fuel. IR curves demon-
strated that the samples at ignition temperature 300 ◦C contain a
broad absorption band around 3500 cm−1 for A system, 3490 cm−1

for F system and 3450 cm−1 for M system are related to the
stretching vibration of free (–OH) group of water molecules. The

absorption bands in range 1650–1050 cm−1 for A and F systems
and 1630 cm−1 for M system are related to the stretching vibration
of carbonyl (C O and C–O) groups of residual organic fuel [37]. The
absorption bands at 1650, 1450 and 858 cm−1 for A and F systems
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ig. 2. Infrared spectra for Ni0.1Mg0.9Al2O4 (A), Ni0.5Mg0.5Al2O4 (F) and Ni0.8Mg0.2A
tures.

nd 1630, 1450 and 820 cm−1 for M system correspond to unde-
omposed nitrate ions. The absorption bands at 2950 for A and F
ystems and 2920 for M system related to C–H aliphatic in sam-
le [38]. A weak absorption bands in range 400–700 cm−1 appear
ue to the formation of metal oxides. After calcinations at different
emperatures from 500 to 1200 ◦C, the observed absorption bands
n the range 800–4000 cm−1 are decreased gradually until disap-

eared at 1100 ◦C except, the strong absorption band at 3450 cm−1

or A and M systems and 3500 cm−1 for F system are related to
he stretching vibration of adsorption water [39] molecules. The
M)  systems using 3-methyl pyrozole-5-one as fuel at different calcination temper-

three absorption bands 780, 740 and 530 cm−1 for A system and
770, 710 and 550 cm−1 for F and 760, 730 and 540 cm−1 for M
systems are corresponding to AlO4/AlO6 groups building up the
magnesium spinel as a result of vibration of ions of valence Al3+

in tetrahedral and octahedral positions compared with 700, 530
and 425 cm−1 for MgAl2O4 spinel. Other broad [40–42] bands at
700, 535 and 425 cm−1 for A system, 710, 550 and 425 cm−1 for

F system and 760, 730 and 425 for M system are corresponding
to NiO6/NiO4 and MgO6/MgO4 groups for the nickel and magne-
sium spinel as a result of vibration in the octahedral sites or to
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Table 1
Assignment of the important bands in the IR spectra for 0.10, 0.50 and 0.80 mol  of Ni2+ systems at different calcination temperatures using3-methyl pyrozole-5-one as fuel.

Temperature (◦C) IR-band assignment

�OH �CH �C O �C–O �C–N �N O �M–O

0.10 mol  of Ni2+

500 3400 2910 1650 1090 1382 800 700, 530
700 3450 2960 1650 – 1450 800, 500
800 3450 – 1650 – 1450 – 800, 520
900 3450 – 1650 – – – 740, 610, 530
1000  3450 – – – – – 740, 600, 530
1100 3450 – – – – – 760, 710, 620, 540, 425
1200  3500 – – – – – 760, 710, 620, 540, 425
0.50  mol  of Ni2+

500 3450 2905 1637 1050 1450 800 760, 600
700 3450 2920 1650 – 1490 – 760, 520
800  3450 – 1650 – 1450 – 760, 530
900 3450 – 1650 – – – 760.530
1000  3450 – – – – – 770, 740, 660, 530
1100  3450 – – – – – 770, 740, 660, 535, 425
1200  3490 – – – – – 760, 720, 660, 535, 425
0.80  mol  of Ni2+

500 3450 2980 1630 1050 1450 820 750
700 3400 2950 1650 1050 1450 810 760, 500
800  3450 – 1650 – 1450 – 760, 520
900 3450 – 1650 – 1450 – 760, 530
1000  3450 – – – – – 760, 530, 425
1100 3450 – – – – – 780, 730, 520, 425
1100  3450 – – – – – 780, 730, 530, 425

Fig. 3. Infrared spectra for 0.10, 0.50, 0.80 mol  of Ni2+ systems, NiAl2O4 and MgAl2O4

by using 3-methyl pyrozole-5-one in range 400–1000 cm−1.
mixed vibration of them in octahedral and tetrahedral sites [43,44]
compared with 760–720–520 cm−1 for NiAl2O4 spinel as present
in Figs. 2 and 3. The absorption band at 610 cm−1 characterizes
for NiAl2O4 structure [45]. Assignment of important bands in the
IR spectra for 0.10, 0.50 and 0.80 mol  of Ni2+ systems at different
calcination temperatures using 3-methylpyrozole-5-one as fuel is
collected in Table 1.

3.3. Structure of nano ceramic pigments characterization

3.3.1. X-ray diffraction
Fig. 4 shows the X-ray diffraction (XRD) patterns of sam-

ples at different calcination temperatures. The prepared samples
remained amorphous or contained only small crystallites lines with
small amount of Al2O3 up to 700 ◦C. The effect of calcinations tem-
perature on the growth of spinel phase of ceramic nano pigment
powders begins to show the spinel crystalline with disappear Al2O3
phase in temperatures range 700–1200 ◦C [46,47].  The average
crystallite sizes (L) are calculated from the X-ray diffraction peaks
by using Scherrer equation [48];

ˇ(2�) = 0.9�

L cos �

where � is the wavelength, � is the diffraction angle and  ̌ is the cor-
rected full width at half maximum of peaks. The crystalline spinel
phase content and also the particles size increase with increasing
calcination temperatures that are shown in Fig. 5. The density of
0.10, 0.50 and 0.80 mol  of Ni2+ systems was  calculated from X-ray
and they are compared with experimental that obtained present
in Table 2. The type of fuel is shown to directly effect on particles
sizes of different systems of Ni2+ using 3-methylpyrozole-5-one
calculated compared with the previous study [35], the XRD data
are shown in Table 3.
3.3.2. Microstructure characterizations
Fig. 6 shows the photographs of powder samples under inves-

tigation and the spherical particles for 0.10, 0.50 and 0.80 mol  of
Ni2+ systems. The average particle size of pigment was  measured
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Fig. 4. X-ray diffraction for 0.10 (A), 0.50 (F) and 0.80 (M)  mol of Ni2+ systems at different calcination temperatures using 3-methyl pyrozole-5-one as fuel.
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ig. 5. The correlation between particle size from X-ray diffraction for A = 0.10,
 = 0.50 and M = 0.80 mol  of Ni2+ systems at different calcination temperatures using
-methyl pyrozole-5-one.

y XRD and compared with the results were obtained from TEM

s present in Table 4. The morphology and particle size decrease
ith increasing the amount of doping Ni2+ ion due to ionic radii
ecrease. The particle sizes are calculated using ultra structure size
alculator or quantitative electron microscopy using a real analysis
using at least 20 particles that were required to characterize each
size distribution from TEM photographs.

3.4. The characterization color of nano ceramic pigments

3.4.1. Diffuse reflectance spectroscopy (DRS)
Fig. 7 shows diffuse reflectance spectra (DRS) for 0.10, 0.50 and

0.80 mol  of Ni2+ systems which represent as symbols A, F and M
respectively. These systems show the appearance of band around
612, 500 and 460 nm for A system, 618, 500 and 445 nm for F sys-
tem and 618, 500 and 450 nm for M system at 700 ◦C. These bands
correspond to pale green-blue (cyan) color of sample under inves-
tigation. The bands shift to cyan band as calcination temperatures
increase until reaching around 612, 570, 500, 505 and 460 nm for
A system, 618, 560, 505 and 445 nm for F system and 618, 568, 505
and 450 nm for M system at 1000 ◦C for green-blue (cyan) color.
The bands increase its shift to 460, 505 and 612 for A system, 445,
510 and 610 nm for F system and 450, 505, 560 and 606 nm for M
system with increasing temperature up to 1200 ◦C [49,50] which
show the good green-blue (cyan) color pigments. From colorimet-
ric data present in Table 5, the values of b* and a* increase in the
negative direction while L* values decrease as result of increasing
calcination temperatures. The increasing in negative values of a*
means the higher intensity of green color and the increasing values
of b* in negative direction indicate for the appearance of blue color
as shown in Figs. 8 and 9. The increasing of a* in negative direc-
tion is more than the increasing values of b* in negative direction.
This means the presence of two mixed colors green and blue such
that the color intensity of green is more than the blue. The decrease
in L* parameter corresponds to reduction of the lightness of sam-
ple. The values of a* and b* increase in negative direction with the
depth of green-blue color as result of calcination temperatures and
the increasing of the amount of nickel ions. Colorimetric data show
the high value of a* and b* and lower value of hue variation �E

at 1200 C for all doping nickel percents as shown in Table 5. This
means that the appearance of good color of cyan ceramic pigment
powders and a good color matching occurs at 1200 ◦C as shown
in Fig. 10.  The color of different doping with change temperature
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Table 2
Lattice parameters and densities of different Ni2+ doping using 3-methyl pyrozole-5-one as fuel.

System Lattice parameters Calcinations temperature (◦C)

800 900 1000 1100 1200

0.10 a 8.0806 8.085 8.0887 8.0948 8.1066
a3 527.63 528.49 529.22 530.42 532.75
dtheo (g/ml) 3.662 3.656 3.651 3.643 3.628
dexp (g/ml) 3.653 3.650 3.645 3.637 3.620

0.50 a  8.070 8.075 8.085 8.0887 8.0948
a3 525.56 526.54 528.49 529.22 530.42
dtheo (g/ml) 4.029 4.022 4.006 4.001 3.992
dexp (g/ml) 4.000 3.980 3.954 3.935 3.920

0.80 a 8.070 8.075 8.0806 8.085 8.0887
a3 525.56 526.54 527.63 528.49 529.22
dtheo (g/ml) 4.292 4.284 4.276 4.269 4.262
dexp (g/ml) 4.266 4.253 4.245 4.233 4.215

a, lattice parameters; dtheo, theoretical density; dexp, experimental density.

Table 3
Particle size (nm) from X-ray diffraction of different Ni2+ systems at different calcinations temperatures.

System Calcination temperature (◦C)

500 700 800 900 1000 1100 1200

0.1 Ama 11.15 11.46 14.00 20.44 27.35 33.11
0.5  Am 10.65 9.60 12.40 17.35 23.69 29.00
0.8  Am 6.35 7.75 11.20 14.90 21.45 27.62

a Am,  amorphous.

Fig. 6. TEM of A = 0.10, F = 0.50 and M = 0.80 of Ni2+ systems at 1100 ◦C temperature by using 3-methyl pyrozole-5-one.
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Fig. 7. The diffuse reflectance spectra for Ni0.10Mg0.90Al2O4 (A), Ni0.50Mg0.50Al2O4 (F) and Ni0.80Mg0.20Al2O4 (M) systems at different calcination temperatures by using
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absorption bands at 475, 480 nm and 725, 715 nm indicate for octa-
hedral co-ordination of Ni2+ in the Al2O3 lattice [52,53] and the
energy level diagram gives d-d transitions of Ni(II) (3d8

Oh) from
Orgel diagram that shows 3A2g → 3T2(D), 3A2g → 3T1(F). This triple

Table 4
XRD and TEM average particle sizes (nm) data of different Ni2+ systems at 1100 ◦C.

System Average particle sizes (mm)
-methyl pyrozole-5-one as fuel.

auses the lower value of hue variation �E  that tends to a good
olor matching [51].

.4.2. The electronic spectra of nano ceramic pigments
Fig. 11 shows the electronic spectra of nano ceramic pigments

.10, 0.50 and 0.80 mol  of Ni2+ ion systems using different calci-
ation temperatures. Three broad absorption bands at 540 nm for

 system, 560 nm for F system and 545 nm for M system (green
egion), 595 nm for A and F systems and 600 nm for M system
yellow-orange region) and 637 nm for A system, 535 nm for F

nd M systems (red region). These bands indicate for tetrahe-
ral co-ordination for Ni2+ in the Al2O3 lattice which gives rise
o the green-blue color. From Orgel diagram, the d–d transitions
f Ni2+ (3d8

Td) shows the presence of three transition states of
3T1g(F) → 1T2g, 3T1g(F) → 3T1g(P) and 3T1g(F) → 3A2g. The two weak
XRD TEM

0.10 27.35 29.50
0.50  23.69 24.28
0.80  21.45 22.35
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Table 5
Colorimetric data for 0.10, 0.50 and 0.80 mol  of Ni2+ systems at different calcination temperatures using 3-methyl pyrozole-5-one as fuel.

System Temperature L* a* b* �E

0.10 500 96.94 1.02 0.06 96.95
700 95.17  −1.34 −1.11 95.19
800 94.4  −1.65 −1.49 94.43
900  93.89 −1.88 −1.53 93.92

1000  91.98 −2.18 −1.65 92.02
1100  91.56 −2.47 −1.85 91.61
1200  90.00 −5.25 −2.59 90.19

0.50 500 89.21 0.81 3.71 89.29
700 92.97  −2.51 −130 93.00
800 91.79  3.61 −0.64 91.90
900  89.28 −4.27 −1.18 89.39

1000  86.34 −4.46 −1.19 86.46
1100  85.92 −7.58 −3.00 86.31
1200 85.93 −8.17 −3.43 86.39

0.80 500 81.13 1.83 3.29 81.22
700 94.84  −2.01 −233 94.89
800  93.41 −3.44 −3.11 93.53
900 91.66  −5.42 −4.22 91.92

1000  88.91 −6.94 −4.18 89.28
1100 88.60 −9.96 −5.77 89.35
1200  84.18 −14.48 −7.85 85.78

Fig. 8. The correlation between a* and calcination temperature for 0.10, 0.50 and
0.80 mol  of Ni2+ systems by using 3-methyl pyrozole-5-one as fuel.

Fig. 9. The correlation between b* and calcination temperature for 0.10, 0.50 and
0.80 mol  of Ni2+ systems by using 3-methyl pyrozole-5-one as fuel.

Fig. 10. The color of ceramic powder for 0.10, 0.50 and 0.80 mol of Ni2+ systems
using 3-methyl pyrozole-5-one as a fuel at different calcination temperature.
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ig. 11. The electronic spectra for Ni0.10Mg0.90Al2O4 (A), Ni0.50Mg0.50Al2O4 (F) and
yrozole-5-one as fuel.

and in visible region can be attributed to Jahn–Teller [54,55] dis-
ortion of octahedral structure.

. Conclusions

NixMg1−xAl2O4 (0.1 ≤ x ≤ 0.8) as cyan coloring agent of ceramic
igments has been successively prepared by using low temperature
ombustion reaction (LTCR) method and 3-methylpyrozole-5-one
s fuel. Characterization of nano refractory pigments is stud-
ed by infrared spectroscopy (IR), electronic spectroscopy, diffuse
eflectance spectroscopy (DRS), thermal analysis techniques, X-ray

iffractions (XRD) and transmission electron microscopy (TEM).
he calcination temperatures in range 500–1200 ◦C give nanosized
xides with particle sizes in the range of 6.35–33.11 nm.  The parti-
le sizes increased as sintering of samples at different calcinations
Mg0.20Al2O4 (M)  systems at different calcination temperature by using 3-methyl

temperatures and TEM shows spherical shape with nano-scale up
to 1200 ◦C. FT-IR and XRD show the formation of single spinel struc-
ture at 700 ◦C. Cyan color intensity increased as the amount of nickel
ion increased and calcination temperatures and time. Also, the vis-
ible spectra give broad absorption band with triple heads as result
of Jahn–Teller distortion of octahedral structure.
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