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ABSTRACT

KEYWORDS

In this research, NiFe,Al,O4 pigments (x=0, 0.3, 0.7, and 1.5) were synthesized using a
polyacrylamide gel method, and the effects of calcination atmosphere and the dopant amount
on the formed phases and optical properties were investigated. The obtained pigments'

Nickel aluminate
Spinel pigments
Polyacrylamide

physical, optical, and microstructural properties were clarified using the XRD, UV-Vis Doping

spectroscopy, and FESEM techniques. The phase analysis showed that the nickel carbide was

Calcination atmosphere

formed in the reducing atmosphere instead of the spinel phase. So, the rest of the samples were

prepared in an oxidizing atmosphere. The pigments that were obtained had a spherical OPEN ACCESS

morphology and a narrow particle size distribution due to the growth inhibitor role of the

polyacrylamide network. The iron ions entered both tetrahedral and octahedral sites of the

nickel aluminate structure, acted as the main chromophore, and turned the color from cyan to

brown. Further addition of iron led to the darkening of the brown color.

© 2025 The Authors. Published by Synsint Research Group.

1. Introduction

Spinel nano-pigments are a sub-class of inorganic colorants, consisting
of nanoparticles with a general formula of AB,0, (A%, B**, 0*) which
benefit from both unique properties of spinel structures and
Nanomaterials, including high staining capacity, high abrasion
resistance, high chemical/thermal stability, opacity, high color strength,
as well as a uniform coverage [1]. The distribution of cations between
octahedral and tetrahedral spaces determines the semiconductivity,
coloring, catalytic, and magnetic properties of the spinels. Cationic
distribution in the spinels can be described as (A;xBx)t[AxB2x]oOa,
where x, t, and o indicate the inversion degree, tetrahedral, and
octahedral spaces, respectively. The inversion degree (x) equals zero,
%, or 1 for normal, random, or inverse spinels, respectively. The
inversion degree is generally a function of calcination temperature [2].
Transition metal oxide spinels are widely applied in the pigment

industry due to their high chemical inertness and thermal stability [3].
These are two crucial factors for the pigments, especially for those
meant to be applied in the glazes.

Aluminates are a high-temperature resistant group of spinel pigments
with AIO* as their oxyanion group [4]. Nickel aluminate (NiALOQ,) is a
partially inverse transition metal oxide with a random distribution of
Ni** and AI’" ions in tetrahedral and octahedral spaces [5]. Nickel
aluminate pigments have been synthesized using various methods,
including solid-state [6, 7], sono-chemical [8] microwave irradiation
[9], Pechini [10, 11], coprecipitation [11-13], mechano-chemical [14],
gas-phase pyrolysis [15], hydrothermal [16], self-propagating high-
temperature synthesis (SHS) [17-19], -based synthesis, sol-gel [20—
22], immersion [23], microemulsion [24], and many more from pure,
natural [4, 25] or waste [26, 27] resource. Although the solid-state
method is suitable for the mass production of oxide powders, it has
some major drawbacks, such as limited chemical homogeneity, large
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particle size, high reaction temperature, low sinterability, and the
possibility of impurity introductions [28]. Douy and Odier [28]
introduced the polyacrylamide gel method for the preparation of
mineral powders, which is simply based on a “solution-gel-calcination”
process, benefiting from the acrylamide polymerization. The
polyacrylamide gel grows into a network consisting of branches and
interlocked ring-like cells where the precursor solution is separated,
reducing the probability of powder agglomeration and providing small
nano-powders with fewer agglomerates [29].

Various metals have been doped into the structure of nickel aluminate
particles, mostly to enhance their catalytic [30-32] or electrochemical
properties [33-35]. The coloring properties of nickel aluminate have
been less explored compared to other aluminates, which could be due
to its temperature-dependent cationic distributions [2], significantly
affecting its optical properties. Gilabert et al. [36] synthesized (Ni, Co)
(Cr, Al),04 pigments, and the results showed a wide color pallet from
greens to deep blues with high stability in glazes; however, increasing
the concentrations of dopants decreased the crystallinity. Elakkiya et al.
[5] prepared copper-doped nickel aluminate pigments and stated that
with only a small amount of dopant (0.02 mol), an environmentally
friendly green pigment could be obtained. Gingasu et al. [37] observed
a shift between inverse and normal spinel structures in the Ni-Co
aluminate nano pigments with various amounts of cobalt and nickel
cations. The latter increased the inversion degree.

As spinels are oxides, an oxidizing atmosphere has always been chosen
for the synthesis, but the behavior of a combination of salts and
acrylamide monomers in a reducing atmosphere has not been
investigated yet. In this study, the synthesis of NiFe,Al,(O4 pigments
was attempted in both reducing and oxidizing atmospheres to evaluate
the functionality of the polyacrylamide gel method for the synthesis of
spinels in various conditions. Also, the effect of Fe*" on the formed
phases, cationic occupancy, and coloring properties of the pigments

were clarified.

and tetramethylethylenediamine (accelerator) were all purchased from
Merck and used without any further purifications.

2.2. Pigment synthesis

Molar ratios of materials were selected and weighted according to
Table 1. Nitrate salts were added to 50 cc distilled water in a beaker on
a magnetic stirrer at 50 °C. After a clear solution was obtained,
acrylamide and methylenebisacrylamide were added to the solution
with a ratio of 20:1. After the solution was completely homogenized,
ammonium persulfate (0.33 g) and tetra tetramethylethylenediamine
(0.3 cc) were added to the aqueous solution of salts and monomers. The
gelation process was initiated immediately after the catalyst additions,
and the solution turned into a transparent and flexible gel. The gel was
dried at 150 °C for 3 h. Then, the dried gel was calcined at 1000 °C for
2 h in oxidizing or reducing (Ar) atmospheres. The calcination
temperature was selected according to the previous studies [8], which
showed that a complete crystallization of nickel aluminate required a
temperature above 950 °C. A simplified scheme of the synthesis
process is shown in Fig. 1.

2.3. Characterization

X-ray diffraction technique (X’Pert, Model TW3714, Philips
Company) was used to investigate the crystallinity and estimate the
crystallite sizes of the calcined samples using a CuKa in 26=0 °—85 °©
with a step of 0.02 ° at 40 KV and 30 mA. A UV-Vis
spectrophotometer (JASCO V-670) in a wavelength range of
190-900 nm was applied to evaluate the optical properties (color) of
the samples containing various amounts of dopant, which were
calcined in an oxidizing atmosphere. Microstructural observations were
conducted using a field-emission scanning electron microscopy
technique (Model JSM 6400, JOEL Company).

2. Materials and methods

2.1. Materials

Applied materials in this project, including nickel nitrate hexahydrate
(Ni(NO3),.6H,0) (nickel source), aluminum nitrate nonahydrate
(AI(NO3);.9H,0) (aluminum source), iron(Ill) nitrate nonahydrate
(Fe(NOs);.9H,0) (dopant source), acrylamide (monomer), N,N’-
methylenebisacrylamide (crosslinker), ammonium persulfate (catalyst)

3. Results and discussion

3.1. X-ray diffraction

As the presence of more than 30% iron interrupts the X-ray Diffraction
analysis and decreases the accuracy, only FTNI and FTN1-R with a
medium iron amount (0.3 mol) were picked among the iron-containing
samples. Fig. 2 shows the XRD patterns of the samples calcined in the
reducing atmosphere. As seen in Fig. 2a, all peaks of the undoped
sample (TN1-R) corresponded well with JCPDS card No. 014-0020,

Table 1. Compositions and calcination conditions used for the synthesis of NiFe,Al, (O, pigments.

Calcination conditions Concentration Molar ratios (mole/mole)
Si::)l:i[;le Atmosphere Temperature Salts Monomers Ni Al Fe
Reducing Oxidizing (°C)

TNI-R + - 1000 0.5 1.5 1.0 2.0 0
FTNI-R + - 1000 0.5 1.5 1.0 1.7 0.3
TNI1 - + 1000 0.5 1.5 1.0 2.0 0
FTNI - + 1000 0.5 1.5 1.0 1.7 0.3
FTN2 - + 1000 0.5 1.5 1.0 1.3 0.7
FTN3 - + 1000 0.5 1.5 1.0 0.5 1.5
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Fig. 1. A simplified scheme of the synthesis of samples using the polyacrylamide gel method in various calcination atmospheres. (AM: acrylamide,

MBAM: N,N’-methylenebisacrylamide, APS: ammonium persulfate, and TEMED: tetramethylethylenediamine).

confirming the formation of Nickel carbide in the sample. The reason
could be explained in this way: When the temperature was raised to
450 °C, the released CO gas from the polymers reduced the nickel
oxide and reacted with the metallic Ni and formed NiC. This was
confirmed by the Ellingham diagram where CO and NiO plots
intersected at 450 °C (Fig. 3). Also, a large amount of nickel was
observed in the XRD patterns of both doped and undoped samples in
the reducing atmosphere, confirming the above statement. Aluminum
oxide remained unreacted in the sample as AL,Os3, NiO, and CO had no
intercepts below 2000 °C (Fig. 3). The lack of a characteristic peak for
ALO; could be due to its ultra-small size. The large amount of carbon
in the final compositions was from the acrylamide network, which
could not find a chance to exit from the samples. The iron-doped
sample (FTN1-R) had a similar pattern with more intense NiC peaks
(Fig. 2b). No spinel formation was due to the lack of oxygen. So,
synthesis in the reducing atmosphere was discontinued, and the rest of
the study was followed on the samples calcined in an oxidizing
atmosphere.

Fig. 4 shows the XRD patterns of the samples calcined in an oxidizing
atmosphere (TN1 and FTN1). As seen, about 90% of the peaks in the
XRD pattern of TN1 (Fig. 4a) correspond well with JCPDS card no.
10-339, confirming the formation of nickel aluminate (NiAl,O,) with a
fully crystalline structure. NiAlL,O, peaks were located at 20 of
22.182°,36.637 °, 43.254 °, 52.765 °, 66.040 °, 70.572 °, and 77.882 °,
corresponding well with (111), (220), (311), (400), (422), (511), and
(440) planes. Two small peaks at 50.732 ° and 74.547 ° belonged with
NiO, which showed a little remanent nickel oxide in the structure. The
characteristic peaks of the iron-doped nickel aluminate (FTN1) shifted
to smaller diffraction angles. Nickel oxide was not detected in this
sample.

The mean crystallite sizes of samples TN1 and FTN1 were calculated
using the Scherrer formula:

Lo 0.98% )
BcosO

where L, A, B, and 0 are crystallite size (nm), X-ray wavelength

(0.154 nm), full width at half maximum (rad), and the diffraction angle,

respectively. Table 2 shows the calculated crystallite sizes of TN1 and

FTNI samples. As seen, the difference between the mean crystallite
sizes of doped and undoped samples was negligible.
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Fig. 2. XRD patterns of a) pure TN1 and b) iron-doped samples
(FTN1-R) in a reducing atmosphere.
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Fig. 3. Ellingham diagram of CO, NiO, FeO, and AL,Os.

3.2. Microstructural observations

Fig. 5 shows the FESEM image of the sample FTN1. As seen, all
particles were spherical, and most of them had a uniform size, ranging
between 23-27 nm. Few agglomerates were seen, which could be due
to the tendency of ultra-small particles towards agglomeration.
However, most of the particles showed no significant desire for
growing and sintering after the removal of the organic network,
confirming the suitability of the polyacrylamide gel method for the
synthesis of nanopowders. Interestingly, the particle sizes corresponded
well to the estimated crystallite sizes from XRD patterns, indicating the
single-crystallite particles.

NiAlO: M
(a ) (311) N0y
300
200 {ago) (sa0}
(111) {511)
100 a [zz0) A
JL I J s
sty el Wt Vo en e nd et g
0
T T T T T T T T
10 20 30 40 50 60 0 80
Posilion [*2Theta]
600
i,
(311} A
(b)
400+
{a00) kel
200 (20} A ts11)
'y
{111)
(422) (533)
A A
o et MJ\\_.J\....
05 T T T
40 50 60

T T T T
10 20 30 70 a0

Posilion [*2Theta]

Fig. 4. XRD patterns of NiFe,Al,..O4 pigments: a) pure TN1 and
b) iron-doped samples (FTN1) in an oxidizing atmosphere.

3.3. UV-Vis spectroscopy

Fig. 6 shows diffuse spectra of all samples synthesized in an
oxidizing atmosphere with various amounts of iron (0, 0.3, 0.7, and
1.5). The undoped sample (TN1) showed three bands at about
362 nm, 609 nm, and 710 nm, with a shoulder at 516 nm. According to
the previous studies [8], the band at 609 nm was attributed to the
octahedral nickel and the rest to the octahedral one. The
main reflectance of sample TNI in the visible region was seen at
490-520 nm, belonging to the cyan color. As seen, iron addition
diminished the bands at 300 nm and 600 nm. Only a band was
seen at 700 nm (related to the octahedral nickel), belonging to the
longest wavelength in the visible region, i.e., the brown color.
The reason could be explored in the inverse spinel structure of the
nickel ferrite (NiFe,O,) structure. In the nickel ferrite, iron is
distributed in both tetrahedral and octahedral spaces, while nickel is
only located in the tetrahedral ones [38]. It seemed that when iron
ions were introduced to the random spinel structure of nickel
aluminate, they reproduced the same manner in the presence of
nickel. So, they occupied both octahedral and tetrahedral spaces
and acted as the dominant chromophore, shifting the color from cyan
to brown. Also, it appeared that the substitution of AI’** smaller
ions with large Fe’* resulted in a lattice distortion. Increasing
the amount of iron dopant decreased the total reflectance percentage,

indicating a color darkening.

Table 2. Mean crystallite size of undoped and doped pigments.

Sample code Mean crystallite size

(nm)
TNI 23.1
FTN1 238
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Fig. 5. FESEM image of NiFe,Al, (O4 (FTN1) nano pigments calcined
in an oxidizing atmosphere.

of NiC with large amounts of remanent nickel and aluminum oxide in
the structure. Nickel aluminate was successfully formed in the
oxidizing atmosphere with a high purity. A narrow particle size
distribution within the nanoscale and uniformly spherical morphology
confirmed the efficiency of the polyacrylamide network in the particle
growth inhibition and synthesis of nanoparticles with minimum
agglomerates. The trivalent iron dopant significantly affected the
optical properties of nickel aluminate pigments as it entered both
octahedral and tetrahedral spaces, acted as the main chromophore, and
changed the color from cyan to brown. Further iron additions led to a
color darkening. No NiO was detected in the iron-doped samples,
suggesting a purer composition in the doped samples.
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4. Conclusions

In this project, it was attempted to synthesize NiFe,Al,.,O4 spinel nano
pigments (x=0, 0.3, 0.7, and 1.5) using a polyacrylamide gel method
and evaluate the formed phases in various (oxidizing and reducing)
atmospheres. No spinel phase was obtained in the reducing atmosphere,
as the lack of oxygen inhibited the removal of carbon from the
thermally dissociated polyacrylamide network, leading to the formation
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Fig. 6. DRS spectra of the synthesized NiFe,Al, (O4 pigments in an
oxidizing atmosphere.
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