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Abstract Aluminum substituted by cobalt of cobalt aluminates having a nominal composition CoCoxAl2-xO4,
where x = 0, 0.5, 1, 1.5, and 2, were synthesized by
the thermal decomposition of complex precursors derived from metal nitrate salts and glycine. All samples
were characterized using different techniques, XRD, FTIR, TG, DTA, DSC, and TEM. XRD showed that all
samples have a spinel cubic crystal structure. Using
Debye–Scherrer formula, the calculated crystallite size
was found cobalt concentration dependent and varied
between 21 and 32 nm. Lattice parameter, X-ray density, porosity, and unit cell volume were calculated to
show the effect of Al3+ substitution by cobalt on the
crystal structure of the investigated spinel samples.
Cation distribution and oxygen content into specific spinel stoichiometry of all samples were calculated. The
optical, magnetic, and electrical properties were also
studied. The spinel nano cobalt aluminate (x = 0.5) having Co/Al molar ratio of 1 showed the highest values of
saturation magnetization (Ms = 1.1 emu g−1) and conductivity (3.1 × 10–8 Ω−1 cm−1) compared to the other
ones. The color parameters (L*, a*, b*) were also measured. All results were collected and discussed.
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Introduction
The synthesis of nanocrystalline spinel using different
methods [1–7] has been investigated intensively due to the
unique potential applications such as high-density magnetic
recording and microwave devices, as magnetic fluids, and also
as an absorbent material to remove sulfide gases from hot coal
gas [8, 9]. The general formula of spinels is AB2O4. In the
spinel structure, the anions are arranged in a cubic closepacked array with the cations arranged in the holes of the
array. There are eight tetrahedral and four octahedral holes
per molecule. In the case of normal spinels, the A2+ ions
occupy tetrahedral holes and B3+ ions are present in the octahedral holes. In the case of inverse spinels, one half of A2+
ions occupy tetrahedral holes and the remainder of A2+ ions
and all B3+ ions occupy the octahedral holes [10]. It is known
that the nature of occupancy of tetrahedral and octahedral sites
depends on the calcination temperature [11]. One example is
the cobalt aluminate material system from which a series of
CoIICoIIIxAl2-xO4 spinels (where x = 0–2) can be derived
[12–16], including CoAl 2 O 4 , Co 2 AlO 4 , Co 3 O 4 , etc.
CoAl2O4 is well known as Thenard’s blue for its impressive
optical property and widely used in the ceramics, glass, paint
industry, and color TV tubes as contrast-enhancing luminescent pigment [17]. The common methods reported for the
synthesis of cobalt aluminate are sol–gel [18], EDTA chelating precursor [19], combustion [20, 21], polymerized complex
[22], glycine chelated precursor [23], hydrothermal [24], molten salt [25], polymer aerosol pyrolysis [26], and reverse micelle processes [27, 28]. Many researchers tried to enhance the
cobalt aluminate properties depending on the particle size
methodology that can be controlled in nanosize using the different above methods. Doping in aluminates was also one of
the methodologies. As we all know, the substitution of Al3+
ions by cobalt ones’ process can have an effect on all the

Author's personal copy
2418

Ionics (2017) 23:2417–2427

properties of the material such as the magnetic one as cobalt
ions have very good magnetic moments compared to aluminum ones. Moreover, the presence site (tetrahedral or octahedral) of cobalt ions as well as their oxidation states (divalent or
trivalent) in the spinel structure will affect the energetic structure stability and as a result leading to a definite spin configuration that will determine its magnetic moment behavior.
In this vein and as an example, Co consistently favors a low
spin configuration with no significant magnetic moment when
placed on an octahedral site. However, when Al occupies the
tetrahedral sites in the less stable normal Co2AlO4 and inverse
CoAl2O4 structures, Co is forced into a d7 configuration producing a magnetic moment of almost 3 μB [29].
Additionally, factors such as electronic band gap and
charge distribution can affect more on the electrical properties
of spinels as the conduction process depends mainly on hopping of charge on octahedral sites. Thus, the presence of different valence states among octahedral cations is essential.
To the best of our knowledge, none of these works have
been devoted to study the effect of molar ratio (Co/Al) change
in the cobalt aluminate spinel, without the doping methodology, on the different properties of CoAl2O4. Here, for the first
time, we try to investigate the structural, magnetic, optical,
and electrical properties of spinel cobalt aluminate prepared
using different molar ratios of cobalt/aluminum (Al3+ substitution by Co2+ or Co3+), without a dopant, and depending on
the ability of cobalt ion to occupy the positions of aluminum
in the octahedral sites to compensate the lack of aluminum to
form the cubic spinel structure.

Experimental
Synthesis of nano spinels ( cobalt aluminates and cobalt
oxide )
Co(NO3)2·6H2O (>98%, Fluka), Al(NO3)3·9H2O (>98.5%,
Merck), and glycine (>99.7%, Merck) were used as received
without further purification. Appropriate amounts of the
starting materials were used (Table 1) to prepare different molar ratios of Co/Al = 0.5, 1, 2, and 5, in addition to a free
aluminum sample denoted as FAS according to the following
Table 1 Appropriate amounts of Co (NO3)2, Al (NO3)3, and glycine
used for different molar ratios (Co/Al) preparations
Molar ratio, Co/Al Co(NO3)2 (mol) Al(NO3)3 (mol) Glycine (mol)
0.5
1
2
5
FAS, Co3O4

0.010
0.150
0.020
0.025
0.030

0.020
0.150
0.010
0.005
zero

0.044
0.042
0.039
0.036
0.033

formula, CoCoxAl2-xO4, where x = 0, 0.5, 1, 1.5, and 2, to
form the following structures: CoAl2O4, CoCo0.5Al1.5O4,
Co2AlO4, Co2Co0.5Al0.5O4, and Co3O4, respectively).
All starting materials were introduced with a magnetic stirring
into 36 ml distilled water. Two kinds of chelated complexes
formed with the dissolution of the nitrate salts in the solution.
A deep purple solution was obtained and further heated at 70 °C
overnight to remove excess water. During a continuous heating,
the solution became more and more viscous and finally became a
xerogel. The resulting highly viscous xerogel was calcined at
600 °C (at a rate of about 10 °C min−1) for 3 h to finally get
green cobalt aluminates and cobalt oxide samples.
Characterization of samples
X-ray diffraction analysis was performed on a Diano (made by
Diano Corporation, USA). The pattern was run with Cufiltered CuKα radiation (λ = 1.5418 Å) energized at 45 kV
and 10 mA. The samples were measured at room temperature
in the range from 2θ = 10° to 80°. The infrared spectra of the
samples were recorded in the range of 4000–400 cm−1 using a
Bruker FT-IR. TG, DTA, and DSC were performed in nitrogen atmosphere with a constant heating rate of 10 K min−1 in a
temperature range of 298–1273 K using Shimadzu DT-50.
The electrical conductivity measurements were performed
by sandwiching the powder samples (tablets) between two
stainless steel electrodes using a programmable automatic
LCR bridge (Model RM 6306 Phillips Bridge) in various temperatures ranging from 298 to 388 K. The UV-vis spectra were
recorded on a UV-visible spectrophotometer (Jasco, model
v670). The magnetic properties were measured using vibrating sample magnetometer (VSM; Lake Shore 7404). The morphology was analyzed using transmission electron microscope
(TEM) operating at an accelerating voltage of 200 kV (JEOL,
JEM 2100F).

Results and discussion
The XRD patterns of the samples are shown in Fig. 1a. The
observed diffraction peaks correspond to the standard patterns
of the spinel (ICSD 01-082-2251). By a close inspection for
all patterns, one can notice an important indication for the
presence of Co3+ and Co2+ in all spinel structures (except for
the sample containing Co/Al = 0.5, containing Co2+ ions only), the small peak (111) at 16° that is characteristic to Co3O4
spinel phase. To confirm this aspect in an obvious shape,
partially enlarged drawing peak (111) is shown in Fig. 1b.
The figure showed that this peak intensity arises with Co/Al
molar ratio. This confirms that the Co3+ ion ratio increases
upon the increase of Co/Al molar ratio to reach maximum
for the FAS sample. No other crystalline phases (like oxides
of aluminum) appear in the samples, confirming the tendency
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Intensity (a.u.)

Fig. 1 X-ray diffraction patterns
of (a) spinel cobalt aluminate
structures containing different Co/
Al molar ratios and (b) partially
enlarged drawing of spinel
structure peak (111)

2θ (degree)

Intensity (a.u.)

B

2θ (degree)

and Al–O stretching) vibrations for the spinel structure compound [31] that is already confirmed by XRD (Fig. 1). The

FAS

Transmittance, %

of cobalt ions to compensate the lack of aluminum ions (Al3+)
in the octahedral sites of the spinels that can be fully occupied
only by cobalt ions in FAS to form the investigated spinel
s t r uctu r e s , C o Al 2 O 4 , Co C o 0 . 5 A l 1 . 5 O 4 , C o 2 A l O 4 ,
Co2Co0.5Al0.5O4, and Co3O4 with the following molar ratios,
Co/Al = 0.5, 1, 2, 5, and FAS, respectively. Extremely broad
peaks are observed, and those indicate the presence of very
fine particles. The crystallite size of the samples obtained
using Scherrer equation [30] was found in a range of 21–
32 nm.
Figure 2 shows the FT-IR spectra of nanospinels. The band
at 3470 cm−1 is attributed to the stretching vibrations of the
hydrogen-bonded OH groups [31]. The absorption band at
2964 cm−1 is related to C–H stretching vibration from the
organic compound (glycine) [31]. The characteristic
stretching bands between 1590 and 1720 cm−1 are due to –
COOH stretching vibrations [32, 33]. The absorption band at
1097 cm−1 is probably due to CH–OH stretching vibration
[32]. The bands over the range of 1000–400 cm − 1
(662,570 cm−1) correspond to metal–oxygen bond (Co–O

Co/Al = 5

Co/Al = 2
Co/Al = 1

Co/Al = 0.5

Wave number (cm-1)

Fig. 2 FT-IR spectra of spinel cobalt aluminate structures containing
different Co/Al molar ratios
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presence of –OH group in the sample is possibly due to the
moisture absorption.
To investigate the percent of glycine complexes formed
with the spinel structures and to know the stability of these
complexes with different molar ratios (Co/Al) of spinels, the
thermochemical behavior of nanospinels (0.5, 2, FAS) is
shown in Fig. 3a, b, c. The figures show that there is a weight
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loss till a temperature of 1000 °C for the first two samples (a,
b) and till 870 °C for c sample. The decrease of weight till
300 °C corresponds to the volatilization of free and adsorbed
water molecules existing in the samples. In the temperature
region between 300 and 1000 °C, the weight loss is caused by
the decomposition of Co–Al glycine complex traces in the
sample, confirmed by FT-IR (Fig. 2). Above 1000 °C, the

A

B

C

Co/Al = 0.5

Co/Al = 2

FAS

Fig. 3 Thermal analysis (TG, DTA, DSC) patterns of spinel cobalt aluminate structures containing different Co/Al molar ratios. a Co/Al = 0.5. b Co/
Al = 2. c FAS
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Table 2 Lattice parameter (a), unit cell volume (V), X-ray density (dx),
bulk density (db), and porosity of spinel cobalt aluminate structures
containing different molar ratios (Co/Al)
Molar ratio,
Co/Al

a (Å)

V (Å3) dx (g cm−3) db (g cm−3) Porosity (%)

0.5
1
2
5
FAS, Co3O4

8.101
8.104
8.120
8.124
8.129

531
532
535
536
537

4.42
4.81
5.18
5.57
5.96

1.4941
1.9340
2.2570
3.1811
3.4296

66
60
56
43
42

X-ray density (dx), g/cm3

lattice parameter (Å)

A

B

C
Porosity, %

weight of the sample is constant, which indicates the completion
of decomposition and the formation of pure spinels. The Co–Al
glycine complex traces can be determined as 3 wt% for samples
a and b and 7 wt% for c. The thermal decomposition behavior is
associated with the endothermic and exothermic effects. The first
region weight loss due to the removal of adsorbed water is indicated by two small endothermic peaks between 60 and 300 °C in
the DTA curve. An exothermic peak at around 400 °C is due to
the decomposition of Co–Al glycine complex traces. More notably, the weight starts to be stable at 1000 °C for a and b samples, but at 870 °C for c one. This can show that glycine complexes have a different thermal stability with the different molar
ratio of spinel structures, where the FAS, c, showed more glycine
complex thermal stable behavior compared to a and b samples.
For structure investigation, lattice parameter (a), unit cell
volume (V), X-ray density (dx), bulk density (db), and porosity
parameters were calculated and shown in Table 2. The value
of lattice parameter (a) of the Co/Al = 0.5 as calculated from
XRD data (a = dhkl (h2 + k2 + L2)1/2) is 8.101°A. The lattice
parameter increases on increasing the molar ratio (Co/Al) to
have a value of 8.129 for FAS, Co3O4 spinel structure, as
shown in Fig. 4a. The increase in lattice parameter is due to
the fact that the ionic radius of Co2+ or Co3+ (i.e., 0.745 or
0.61 Å) is larger than that of Al3+ (0.535 Å) [34]. Also, the
increase of lattice parameter on increasing the concentration of
cobalt ions demonstrates that the Co ions actually compensate
the lack of Al3+ ion concentration and occupy the octahedral
sites for all spinel samples [35]. The X-ray density for all
samples was calculated using the relation [36] d Xray = Z × M / NA × Vcell, where Z is the number of molecules
per formula unit (8 for the cubic structure), M is the molar
mass, NA is the Avogadro’s number (6.02 × 1023 mol−1), and
Vcell is the unit cell volume (a3). The bulk density was calculated by the following equation [37]:
dbulk = m / V where m is the mass and V (πr2h, where r is the
radius and h is the height/thickness of pellet) is the volume of
the pellet. The percentage porosity of all samples was calculated using the relation [38]:
P = 1 − db/dx where db is the bulk density and dx is the Xray density. Figure 4b shows that the d x increases on

Molar ratio (Co/Al)
Fig. 4 Molar ratio dependence of a lattice parameter, b X-ray density,
and c porosity for spinel cobalt aluminate structures containing different
Co/Al molar ratios

increasing cobalt concentration of spinels to have a value of
5.96 g cm−3 for FAS, Co3O4 spinel structure. The increase in
the dx is considered to be due to the fact that the atomic mass of
cobalt (59 amu) is larger than that of aluminum (26.98 amu) [38].
While the increase in the db (Table 2) is due to the fact that cobalt
(8.90 g cm−3) has larger value of density as compared to that of
aluminum (2.702 g cm−3), the magnitude of the db is smaller than
that of the dx as can be seen in Table 2. These results indicate that
the experimental db is less than the theoretical dx, and this can be
attributed to the presence of pores created during sintering
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Table 3 Structural data of spinel
cobalt aluminate structures
containing different molar ratios
(Co/Al)

Molar ratio, Co/Al

ath (Å)

a (Å) exp.

rA (Å)

rB (Å)

Tetrahedral
Co

Octahedral
Al

Co

Al

0.5

8.104

8.101

0.6250

0.5949

0.4977

0.5022

0.5022

1.4977

1
2

8.055
8.082

8.104
8.120

0.6208
0.5366

0.5833
0.6391

0.7436
0.9996

0.2564
0.0003

0.7564
1.0003

1.2436
0.9996

5

8.124
8.155

8.124
8.129

0.5582
0.5350

0.6421
0.6675

0.8520
1

0.1480
0

1.6480
2

0.3520
0

FAS, Co3O4

process [39]. As shown in Fig. 4c, the porosity decreases with the
increase of molar ratio (Co/Al) to have a value of 42% for FAS,
Co3O4 spinel structure. This is because of the increase in the Xray density (dx). The increase in the db verifies that samples
become denser with cobalt concentration increase.
To further investigate the presence of both aluminum and
cobalt in both tetrahedral and octahedral arrangements of the
spinels, the radii of the tetrahedral (rA) and octahedral (rB) sites
and also the theoretical lattice parameter (ath) were calculated
[40] (Table 3). The theoretical lattice parameter values come in
a good agreement with the experimentally one, leading to an
appropriate cation distribution reported in Table 3. The table data
showed and approved our main manuscript idea, the ability of
cobalt ions to compensate the lack of aluminum ones in the
octahedral sites to form the different spinel structures. Also, the
octahedral cobalt content (Co2+ for the Co/Al = 0.5 sample and
Co2+ and Co3+ for the other ones) increases gradually to equal 2
in the FAS sample. Another interesting phenomenon, which can
give us an indication for the predominant octahedral cobalt content (Co2+ or Co3+), is the oxygen content into spinel-specific
stoichiometry of the cobalt aluminate spinel samples. The values
of oxygen content ratio were calculated from X-ray photon spectroscopy (XPS) and reported in Table 4. In general, the lack of
oxygen content ratio may lead to a presence of a predominant
octahedral Co2+ content in the spinel structure, and a predominant octahedral Co3+ content is achieved when there is oxygen
content ratio increase. So, according to the table of oxygen content ratio, the samples of Co/Al = 1 and 5 contain a predominant
of Co3+, but the samples of Co/Al = 2 and FAS contain a predominant of Co2+.

The UV-visible spectra of all investigated samples are
shown in Fig.5.
As we can see by the figure, we have samples with absorbance bands and others with none at the region of 200–
600 nm. This demonstrates the effect of Al3+ ion substitution
by cobalt ones in all spinel structure samples and can obviously show electronic transition changes that can take place in
the spinel structure. The spinel compositions of Co/Al molar
ratio equal to 0.5 and 2 showed some absorption bands; the
band at around 450 nm of Co/Al = 0.5 was shifted to 540 nm
of Co/Al = 2, indicating the substitution effect. More notably,
the samples of no absorption bands were observed for Co/Al
molar ratio of 1 and 5 and also for the FAS one.
For more interpretation, the absorption of the samples containing Co/Al = 0.5 and 2 in the range from 540 to 630 nm can
be attributed to the absorption of the colors yellow, orange,
and red. Thus, the reflectance occurs in the complementary
colors, namely violet, blue, and cyan, centered in the blue. The
Co2+ ion present a 3d7 configuration and can occupy tetrahedral and octahedral sites in spinel-type structures. For such
ions, there are, in the UV-vis region, three spin-allowed and
three spin-forbidden electronic transitions, ascribed to
4
A2(F) → 4 T1(P) and 4A2(F) → 2 T(G), respectively [41, 42].
The absorption at approximately 550, 580, and 620 nm can
be attributed to the spin-allowed 4A2(F) → 4 T1(P) transition
of the Co+2 ions in tetrahedral sites.

Table 4 Oxygen content into specific spinel stoichiometry (calculated
from X-ray photon spectroscopy (XPS)) of spinel cobalt aluminate
structures containing different molar ratios (Co/Al)
Molar ratio, Co/Al

Oxygen content into specific spinel stoichiometry

0.5
1
2
5
FAS, Co3O4

2.72
3.57
3.49
3.53
2.44

Fig. 5 UV-visible spectra of spinel cobalt aluminate structures
containing different Co/Al molar ratios
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Table 5 Colorimetric data of spinel cobalt aluminate structures
containing different molar ratios (Co/Al)
Molar ratio, Co/Al

L*

a*

b*

0.5

22.20

−4.32

−2.65

1

16.75

−0.69

−0.48

2
5

16.80
14.40

−1.43
−0.97

−1.6
−1.08

FAS, Co3O4

16.50

−0.60

−1.27

On the other hand, the absorption observed at around
478 nm is assumed to be related to spin-forbidden transitions
reported by Zayat and Levy [42]. Zayat and Levy [42] reported that the absorption observed at 408, 447, and 479 nm are
related to the spin-forbidden 4A2(F) → 2 T(G) transition of the
Co+2 ions in octahedral sites. On the other hand, Stangar et al.
[41] considered that the bands whose wavelengths are below
520 nm are due to the electronic transitions of Co+3 in octahedral sites. Kim et al. [43] reported that the absorption around
752 nm is assigned to a t2g(Co3+) → t2(Co2+) d–d charge
transfer (CT) transition, from the d(t2g) states of the octahedral
Co3+ ion to the d(t2) states of the tetrahedral Co2+ ion. In
addition, the ramp in the low wavelength part of the spectrum
suggests the occurrence of charge transfer processes in these
samples. The colorimetry analysis, L*, a* and b*, values of all
investigated spinel structure samples are shown in Table 5.
The yield of blue color is mainly governed by the parameter
b*: The more b* value increases in negative, the more intense
blue color generates. On the other hand, the coordinate L*
gives the lightness of the color (the higher L*, the lighter),
also being an indirect measurement of brightness or intensity
of the color (the lower L*, the brighter or more intense the
color). In general, the sample containing Co/Al molar ratio of

0.5 (CoAl2O4) showed high values of all colorimetric data
compared to the other ones.
These colorimetric data change with the Co/Al molar ratio
change, demonstrating the transition effect of cobalt ions from
tetrahedral sites to octahedral ones in the spinel structure. The
more interesting notice is that the samples of Co/Al molar
ratio equal to 0.5 and 2 have the highest colorimetric values
compared to the other ones. This comes in a good agreement
with what observed before in UV-visible spectra part where
the only same two samples showed absorption bands.
Figure 6 shows magnetization (M) versus applied magnetic
field (H) at room temperature for the spinel structures. All values
of magnetic property parameters are shown in Table 6. The absence of hysteresis loop on all samples is indicative of the presence of super paramagnetic and single-domain crystals [44]. If
there is a little opening of a loop, this may be related to the
uncompensated surface spin of the nanoparticles. To also approve the super paramagnetic behavior of the samples, experimentally (η B = MW × M s / 5585) and theoretically
(ηB = MB − MA) magnetic moments (ηB) of Co/Al = 1 sample
as an example were calculated and found equal to 0.0020 and
0.0021 for the experimentally and theoretically ones, respectively. The very low values of magnetic moments represent the super
paramagnetic feature of this sample. In contrast, the values of MB
and MA were calculated according to the proposed cation distribution of the Co/Al = 1 sample (Table 3). The good matching of
the two experimentally and theoretically values also confirms the
accurate distribution of cobalt and aluminum in both octahedral
and tetrahedral sites of the spinel.
Also, the saturation magnetization (Ms) varies with molar
ratio (Co/Al) indicating the effect of ratio between cobalt and
aluminum ions in the spinel structure on the magnetic properties. Here, it is a worthwhile to mention that the values of
saturation magnetization (Ms) come in a good agreement with
what was reported before in the part of oxygen content ratio,

Moment/ Mass (emu/g)

Fig. 6 M-H curves of spinel
cobalt aluminate structures
containing different Co/Al molar
ratios at room temperature

Magnetic Field (G)
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Table 6 Values of particle size, saturation magnetization (Ms), and
coercivity (H c) for spinel cobalt aluminate structures containing
different molar ratios (Co/Al)
Molar ratio, Co/Al

Particle size (nm)

Ms (emu g−1)

Hc (G)

0.5

23

0.428

122.44

1
2

23
32

1.11
0.055

112.32
120.62

5

21
25

0.274
0.243

104.58
84.67

FAS, Co3O4

where these values have the same trend. This can be interpreted
as when the sample has a predominant Co3+ content, its saturation magnetization value will increase and the opposite is right.
This also can be supported with a literature work concerning
the magnetic moments of Co2+ and Co3+ [45, 46]. The authors
reported that the magnetic moments of both Co2+ and Co3+ are
2.7 and 3.7 μB, respectively. At the same time and in general,
the saturation magnetization values (Ms) also come in a good
agreement with the particle size, where the particle size decrease enhances the saturation magnetization value and the
opposite also is right. This enhancement can be attributed to
a modification in the long-range cycloid spin structure of cobalt aluminate spinel [47]. The high optimum value of saturation magnetization (Ms = 1.11 emu g−1) was observed for the
spinel structure prepared with equal ratio of cobalt and aluminum ions (Co/Al = 1, Co1Co0.5Al1.5O4) and has a particle size
of 23 nm. The magnetization values for the other samples
come with the following order: [Co/Al = 0.5, CoAl2O4 >
Co/Al = 5, Co2Co0.5Al0.5O4 > FAS, Co3O4 > Co/Al = 2,
Co2AlO4].
We can conclude that there are two important factors affecting
the magnetic properties of the spinel structures: particle size and
molar ratio (which affect unit cell volume, density, and porosity).
For every sample, there is a competition at the same time
Fig. 7 Temperature dependence
of AC conductivity for spinel
cobalt aluminate structures
containing different Co/Al molar
ratios at 100 Hz

between the two factors, which can be predominant and enhance
the magnetization.
The two factors can affect with two important mechanisms;
surface-driven effect is the enhancement of the magnetic anisotropy (Keff) with decreasing particle size [48, 49]. In addition to
the surface effect, the order–disorder characteristic of the samples
has also a strong influence on the decrease of saturation magnetization [50]. For the sample having Co/Al = 1, the super paramagnetic behavior is characterized by higher saturation magnetization (Ms = 1.11 emu g−1). The relatively higher saturation
value may be due to the fact that the anisotropic features of these
nanocrystals have enhanced dipole–dipole interaction [51].
To further show the good saturation magnetization value (Ms)
of our sample, Co/Al = 1, Co1Co0.5Al1.5O4, a comparison was
performed with recent previous CoAl2O4 materials prepared
using different methods like what was studied by Chandradassa
et al. [52] (CoAl2O4 prepared by reverse microemulsion process,
Ms = 0.23 emu g−1, particle size 57 nm).
Figure 7 shows the electrical properties (AC conductivity,
frequency = 100 Hz) of all investigated samples at a temperature
range of 298–343 K. From the figure, we can see that the sample
containing Co/Al molar ratio equal to 0.5 has a minimum AC
conductivity and the other one containing Co/Al molar ratio
equal to 1 has a maximum ionic conductivity, the same sample
of the highest saturation magnetization value (Ms, see Table 6). In
the case of undoped CoAl2O4, hopping mechanism is considered
responsible for the electrical conduction in which the hopping of
holes takes place between the interstitial sites to occupy Al3+ and
cobalt ions (Co2+) at the octahedral sites [53]. As Al3+ ions were
substituted by cobalt ones (Co2+ and Co3+), this means that the
system will have extra electrons, and as a result, all substituted
spinels will show a high conductivity by the hopping mechanism
(between Co2+ and Co3+ in octahedral site) compared to the
sample of Co/Al = 0.5 (no substitution).
Also, since the spinel system contains a number of defects in
the form of Co, Al, and O vacancies [54], which can affect more
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Table 7 Values of AC-conductivity and activation energy for spinel
cobalt aluminate structures containing different molar ratios (Co/Al)
Molar ratio,
Co/Al

AC conductivity at 298 K
(Ω−1 cm−1)

Activation energy
(Ea, ev)

0.5
1
2
5
FAS, Co3O4

4.6 × 10−10
3.1 × 10−8
3.4 × 10−9
9.2 × 10−9
1.53 × 10−9

0.15
0.10
0.13
0.12
0.14

the electrical properties [55–59], in addition to the expected oxide
ion defect formation [this defect can be also approved by the
oxygen content change in the spinels (see Table 4)], these defects
produce local deformations in the system in addition to the local
displacement in the direction of the local electrical field resulted
in due to the electron hopping. Thus, a number of electrons
together with the defects present in the system form small polarons. So, in addition to electron hopping, the hopping of the
small polarons between the adjacent sites, i.e., tetrahedral and/or
octahedral sites occupied by the cobalt and aluminum, also contributes to the conductivity. Also, the electrical conductivity increase with temperature increase mainly can be attributed to the
thermally activated mobility of electrons and that of the small
polarons, the hopping of which is enhanced by rise in temperature. More notably, the spinel samples did not show a regular
trend to the conductivity increase. The AC conductivity order of
all samples can be shown as
2

All room temperature conductivity values and activation energies are shown in Table 7. As we can see, the activation energy
values come in agreement order of the conductivity values to
show that the maximum ionic conductivity sample has a value
of 0.1 eV and that of minimum one has a value of 0.15 eV.
The complex impedance spectrum was also studied
for the optimized sample of the high conductivity and
saturation magnetization values (Fig. 8). The figure
showed an impedance spectrum consisting of a semicircle. This semicircle is related to the electronic conduction process [60–67]. The value of bulk conductivity
was calculated to equal 2.63 × 10−8 Ω−1 cm−1 at room
temperature. The equivalent circuit was also determined
and shown in Fig. 8, where R1 is the bulk resistance of
the sample and C1 is its bulk capacity.
To further investigate the morphology of the high
conductivity and saturation magnetization (Ms) spinel
sample, [Co/Al = 1, (CoCo0.5Al1.5O4)], TEM was performed and showed a high agglomeration of nanorod
particles (Fig. 9a), that was showed with high magnification in Fig. 9b.

A

3

7
6
7
6
7
6
7
6
7
6
7
6 .
.
7
6
7
6Co Al ¼ 1; CoCo0:5 Al1:5 O4 > Co Al
7
6
7
6
.
7
6
7
6
¼ 5; Co2 Co0:5 Al0:5 O4 > Co Al
7
6
5
4
.
¼ 2; Co2 AlO4 > FAS; Co3 O4 > Co Al ¼ 0:5; CoAl2 O4

1 μm

B

Fig. 8 Complex impedance for spinel cobalt aluminate structure
containing Co/Al molar ratio of 1 (CoCo0.5Al1.5O4) at room
temperature (298 K)

0.5 μm

Fig. 9 a, b TEM micrographs of spinel cobalt aluminate structure
containing Co/Al = 1, with two different magnifications
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Conclusions

5.

Aluminum substituted by cobalt of cobalt aluminates were
successfully synthesized by the thermal decomposition to
f o r m t h e f o l l o w in g s p i n e l s t r u c t u r e s : C o A l 2 O 4 ,
CoCo0.5Al1.5O4, Co2AlO4, Co2Co0.5Al0.5O4, and Co3O4, respectively, with the following different molar ratios: Co/
Al = 0.5, 1, 2, 5, and FAS (Co3O4), respectively. The Al3+
ions substituted by cobalt ones showed an obvious effect on
the lattice parameter (a), porosity (p), and unit cell volume (V)
of the spinel samples. The samples of Co/Al molar ratio equal
to 0.5 and 2 have the highest colorimetric values compared to
the other ones.
Two important factors affect the magnetic properties of the
spinel structures: particle size and molar ratio (which affect
unit cell volume, density, and porosity). For every sample,
there is a competition at the same time between the two factors, which can be predominant and enhance the
magnetization.
Also, the values of saturation magnetization (Ms) come in a
good agreement with oxygen content ratio. This can be
interpreted as when the sample has a predominant Co3+ content, its saturation magnetization value will increase and the
opposite is right. The high value of saturation magnetization
(Ms = 1.11 emu g−1) and conductivity (3.1 × 10−8 Ω−1 cm−1)
was observed for the spinel structure prepared with equal ratio
of cobalt and aluminum ions (Co/Al = 1, Co1Co0.5Al1.5O4).
The value of bulk conductivity of the optimized spinel structure of cobalt aluminate was calculated to equal to
2.63 × 10−8 Ω−1 cm−1 at room temperature.
At last, our optimized spinel sample of Co/Al = 1 showed a
good saturation magnetization value when compared to a previous reported work studied by Chandradassa et al. (CoAl2O4
prepared by reverse microemulsion process, Ms = 0.23 emu g−1,
particle size 57 nm), making the sample promising for the highdensity magnetic recording and microwave device applications.
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