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ABSTRACT

A new spinel solid solution system of NijxFexAl,O4 (0.0 < x < 0.5) was synthesized through
sol-gel method. The effect of Fe doping on the nickel aluminate prepared was investigated.
The synthesized powders were characterized by means of X-ray diffraction,
thermogravimetric and differential thermal analysis, fourier transform infrared spectroscopy,
scanning electron microscopy and electrochemical measurements. From the preceding
analysis, it can be shown that compounds show a single spinel phase in the temperature range
650-1000°C and the solubility of iron in the NiAl,O, structure was limited to samples with
the iron content x < 0.6. The electrochemical measurements indicate that the catalytic activity
is strongly influenced by iron doping. The highest electrode performance is achieved with
Nig.7Feo.3AlLO, (i=86.84 mA/cm?) which is ~ 27 times greater than that of NiAl,O, ( i=3.22
mA/cm?) at E= +0.8V. After one hundred cycles, the stability of the doped electrode with
30% of iron is much better than the undoped electrode.
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1. INTRODUCTION

Nanocrystalline metal aluminates possess important applications in various fields such as
heterogeneous catalysis, pigments, sensors and ceramics [1-6]. Aluminate spinels have been
used as catalysts in the decomposition of methane, steam reforming dehydration of saturated
alcohols to olefins, dehydrogenation of alcohols, etc. These oxides have also been reported as
good photocatalysts, e.g. for the degradation of methyl orange [7-12].

The general formula of spinels is AB,04, they can be classified into three categories: normal,
inverse, and intermediate. In the case of normal spinel, A%* ions occupy tetrahedral sites and
B** ions occupy octahedral sites. A% ions and B3" ions are surrounded by four and six oxygen
ions, respectively. In the inverse spinel, the cation distribution occurs by inverted (B)[AB]O4
arrangement, in which all the tetrahedral sites are occupied by B*" cations, while an equal
number of A%* and B®" cations share the octahedral sites. The intermediate spinel can be
represented by (A1xBx)[AxB2x]O4 formula, where x is the degree of inversion and (A1-xBy) ,
[AxB2.x] represent the tetrahedral and octahedral sites, respectively [13,14] . It is known that
the nature of occupancy of tetrahedral and octahedral sites depends on the calcination
temperature [15]. Nickel aluminate (NiAl,O,) is a ternary oxide with AB,O, spinel structure,
where A and B are cations occupying tetrahedral (Ni**) and octahedral (AIP*) sites,
respectively [16]. Nickel aluminate has been used in various catalytic applications and high
temperature fuel cells, due to its high melting point, high activity and resistance to
corrosion[17]. It has been proposed as a promising candidate for an anode in aluminum
production and as an anode in an internal reforming solid oxide fuel cell (IR-SOFC) [18,19],
in addition it has been used as good electrocatalysts for the oxidation of organic compounds
and nitrous oxide [10], and also as inert anodes in aluminum electrolysis [20]. On the other
hand the spinel NiAl,O, is photosensitive to visible light [21], and it presents an attractive
property in photocatalysis [22,23].

This oxide can be properly modified by the partial substitution of atom at A and/ or B sites
which may affect strongly its physical property. Nickel aluminate (NiAl,O,) oxide doped on
the A site with various metal ions such as Cu [24], Cd [25], Mg [26], Ce [27], were previously

studied. A few years ago, it has been reported that the oxygen evolution reaction (OER)
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indicates that substitution of Ni by Fe in NiygFeo1C0,0, spinel increases the electrocatalytic
activity of the resulting material significantly [28]. On the other hand, another work on mixed
Fe-Ni oxide catalyst showed much higher activity toward oxygen evolution and methanol
oxidation than either of the pure oxides with a peak in activity occurring near 10 mol % Fe
[29]. In alkaline solution some substituted ferrites which the foreign element was added to the
B site such as CoFe;7Nig3 O4 [30], CoFe;sMng 404 [30] and NiFe,xCrO4 (0< x< 1) [31],
manifest a reduced oxygen over-potential.

Despite these advantages, there have been no reports to date concerning the synthesis and
characterization of iron doped nickel aluminate oxides. In the present work, we examine the
effect of partial substitution of nickel by iron on structural, grain morphology, surface area,
optical and electrochemical properties of NilFe Al,O4 (0< x< 0,6) oxides prepared by the

sol-gel method.

2. EXPERIMENTAL

2.1 Preparation of Ni;xFe,Al,O4 powders

Different nickel aluminate powders were prepared according to the formula NiixFexAl,O4 (0
< x <0.6) by a sol-gel process. Fe(NO3)3.9H,0 (BIOCHEM ), Ni(NO3),.6H,0 (BIOCHEM),
Al(NO3)3.9H,0 (FLUKA) and citric acid (JANSSEN CHIMICA) were used as salt precursors.
The calculated amount of Fe(NO3)3.9H,0, Ni(NO3),.6H,0, AI(NO3)3.9H,0 was dissolved in
C,HsOH 99%. Then, the proper amount of citric acid dissolved in ethanol was added where
the mole ratio of total metal ions and citric acid is 1:2:3. The resulting solution was slowly
stirred, heated and concentrated by evaporating the ethanol at 80°C until a gel was obtained.
This last was then dried in an oven slowly upon increasing the temperature to 110°C for 12h
in order to produce a solid amorphous citrate precursor. The resulting precursor was calcined
in air for 6h in the temperature range 400-1000°C with a heating rate of 5°C min™.

2.2 Characterization

Thermal decomposition of the precursor was carried out using a SDT Q600 TA at a heating
rate of 5°C min™ in air. The Fourier transform infrared (FT-IR) absorption spectra were

measured with FT-IR SHIMADZU 8400S infrared spectrophotometer. X-ray diffraction
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(XRD) was performed with a D8 Advance Brucker using a Cu K, line at 0.1540 nm in 20
range of 10°-90° in steps of 0.010°. Morphological aspect of the powders was examined
by using a ESEM-FEI Quanta 250 scanning electron microscope. The specific surface area of
the samples (Sget) was determined by applying the BET method to nitrogen adsorption
/desorption isotherms recorded at (-196°C) using a Micromeritics ASAP 2020 Analyzer.
Linear sweep and cyclic voltammetry experiments for O, evolution were performed in
potassium hydroxide 1M using a Parstat 4000 potentiostat-galvanostat with  oxide powders ,

Pt plate and Hg/HgO as working, auxiliary and reference electrodes, respectively.

2. RESULTS AND DISCUSSION

3.1 TG-DTA analysis

The precursor was examined by TGA-DTA in order to explore its decomposition under
atmospheric air and with the aim of establishing most adequate calcination conditions for it.
The results of NiggFeo2Al,O4 analysis are shown in Fig.1. Basically, the TGA curve exhibits
four weight loss stages and the DTA curve exhibits one broad endothermic peak and three
exothermic peaks. In the first temperature region up to ca.180°C, a low weight loss of about
( 5.10 %) accompanying with a broad endothermic peak at T~110°C which must be related to
the desorption of adsorbed or hydration water may remain in the precursor [32-34]. A great
reduction in weight (43,87%) observed in the temperature range 180-325°C corresponding to
an exothermic process, can be ascribed to the oxidative decomposition of citrates
complexing the metals in the precursor [32]. The temperature region between ca. 325 and
600°C with one exothermic peak and a mass loss of about ( 21,44%) can be assigned to the
formation of nickel oxide [35]. Further heating (T> 600°C), a slight weight loss of about
( 2,57%) correlates with one small exothermic peak taking place up to ca. 800°C , can be
attributed to the final decomposition of nickel oxide and formation of NiggFegAl,O4 oxide.
After 800°C, we find no weight loss and stabilization of the DTA curve, indicating that the
final crystallization process of NiggFeg,Al,O4 cristal, as was confirmed by XRD results,

discussed below.
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Fig.1. TG and DTA curves of NiggFeg.AlO4 precursor heated in air at 5°C min™

3.2 XRD study

The XRD patterns of the NiyxFexAl,O4 (x=0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) calcined at
650-1000°C for 6h in air are shown in Figure 2. The results confirm that all samples with 0 <
x < 0.5 are consistent with the standard data for NiAl,O4 spinel phase (JCPDS card No.
10-0339), indicating the formation of  single phase with space group Fd3m and with no
detectable secondary phase. These peaks can be indexed as (111), (220), (311), (400), (422),
(511), and (440) plane, respectively. These planes are associated with the nickel aluminate
spinel with cubic structure. For x=0.6, the main phase was also cubic spinel with another
phase FeAl,0, (JCPDS card 00-007-0068 ) indicating a Fe solubility limit of ~0.5 in the
NixFexAl,O4.
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Fig.2. XRD patterns of the Ni;«Fe,Al,04 (0< x <0.6) samples calcined at (650-1000°C)
(S) : spinel ; (*) : FeAl,O4

Figure 3 shows the most intensive diffraction peak of Fe- doped NiAl,O,4, with 20 around
37.02° , indexed to the (311) reflection of the cubic spinel structure. This peak shifts to lower
angles with increasing Fe content. The phase compositions, lattice parameters and unit cell
volumes of the investigated samples 0 < x < 0.5 after heat treatment at (650-1000°C) are
summarized in table 1. The lattice parameters of the spinel increase slightly with increasing

x from 0 to 0.5. Similar tendency has been found previously for NiggFeg1C0,0,4 samples [28].

Table 1. Values of unit cell parameters for pure and substituted NiAl,O4

Fecontent A=B=C(A) V(A

X=0 8.04775 521.222
X=0.1 8.06155 523.908
X=0.2 8.05829 523.273
X=0.3 8.07310 526.163
X=0.4 8.08787 529.057
X=0.5 8.07435 526.408

This is due probably to the substitution of Ni®* by Fe®* in tetrahedral coordination and the

substitution of AI** by Fe** in octahedral coordination. Another similar result was also found
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in Co;xFexCr,04 solid solution [36]. It has been reported that trivalent Fe ions can substitute
Cr® in octahedral positions while bivalent Fe ions substitute Co** in tetrahedral positions

which indicates that the spinel samples solid solution are a partly inverse type [37].
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Fig.3. Evolution of the position of the highest X-ray diffraction peak

Figure 4(a, b) shows the DRX patterns of NiAl,O4 and NiggFeg2Al,O4 respectively calcined
at different temperatures for 6h. After calcination in the temperature range 400-600°C, the
precursor NiAl,O,4 exhibits a single rhombohedral phase NiO (PDF: 00-022-1189). When the
precursor was heated at 800, 900°C the characteristic diffraction peaks of NiO become
weaker while those of spinel structure NiAl,O, appear at 800°C and become stronger at
900°C. With the increase of calcination temperature at 1000°C, the characteristic diffraction
peaks of NiO disappear while intensity of characteristic diffraction peaks of spinel structure
NiAl,O4 shows a good crystallinity. For the precursor NiggFeq2Al,Qy4, the single phase of NiO
appears in the temperature range 400-500°C. After calcination at 600°C the characteristic
diffraction peaks of the spinel structure of NiggFeo2Al,04 appear while those of NiO become
weaker. With the increase of calcination temperature from 800°C to 1000°C the precursor
shows an increasing in crystallinity and a thermal stability of the pure spinel structure of

NiggFeo Al 04. This is consistent with TGA-DTA analysis which confirms that the final
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crystallization process becomes shifted to low temperature in the presence of iron.
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Fig.4. X- ray diffractograms heating at different temperatures (a): NiAl,Oy; (b) :

3.3 FT-IR spectra

Nig.gFeo2AlLO04. () : spinel phase ; (*) : NiO

(0 <x <0.5) samples have been explored by infrared spectroscopy. As

shown in Fig. 5, crystallized powders NijxFesAl,O, show metal-oxygen stretching

frequencies in the range 500-900 cm™ associated with the vibrations of M-O, Al-O and
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M-O-Al bands [5, 38]. Two characteristics bands of the spinel phase at approximately 500
and 728 cm™ [5, 39], were observed. The peak at 500 cm™ was associated with the stretching
vibration mode of Al-O for the octahedral coordinated AI** ions [40]. The band at 728 cm™
corresponds to lattice vibrations of the tetrahedral coordinate Al-O [41]. These results are

consistent with the crystallization process observed by TG/DTA and XRD measurements.
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Fig.5. Infrared spectra of Nij.xFexAl,04 0.0<x <0.5 samples calcined at (650-1000°C)

3.4 SEM analysis
The crystallite size ( Dhkl) of the samples 0< x <0.5 was calculated using Scherrer’s equation
(Eq. 1) [42].

D=KkA/P cosb (1)
Where D is the average size of crystallites (nm) , k Scherrer constant (=0.9), A
wavelength of the incident radiation (nm), 0 half of the angular position of the peak concerned
and f full width at half maximum.
Fig.6 presents the crystallite size for different compositions in the range of 13.4-43nm
indicating that the spinel powders prepared by sol-gel method are composed of nanometric
particles. The crystallite size decreases with increasing iron content. A similar result was also
found for NiggFep1C0,0,4 [28].This is probably due to the incorporation of iron into the
NiAl,O, lattice, which leads to the formation of either cation or oxygen vacancies reducing

the crystallite size.
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Fig.6. Crystallite size of NijxFexAl,O4 (0.0< x <0.5) samples

The SEM micrographs of Nil.FesAl,O4 samples are shown in Fig. 7 (a-f). Particles have
different shapes, sizes and the powders are agglomerated. The particle size is appreciated
between 0.6 and 2.3um. The formation of agglomerate is probably due to the nature of the
solvent used in the preparation of samples [43]. Table 2 summarizes the basic textural
properties of the samples. As noted, the specific surface area increases with increasing of Fe
content and decreasing of calcination temperature. As expected, when the temperature of
calcination decreases, the surface areas are rather high due to the lower crystallinity of the
spinel and/or the decrease in the particle size. This result was expected since the calcination

promotes the sintering of crystallites, which produces materials with lower surface area [44].

Table 2 Main textural properties of Ni;.xFexAl,04 samples calcined at (650-1000° C)

NiixFexAl,O4 Surface BET Pore volume (cm3/g)  Average pore
(m2/g) diameter ( A)

X=0 7.89 0.0211 101.9

X=0.1 21.79 0.0439 49.1

X=0.2 39.49 0.0728 52.4

X=0.3 43.12 0.1103 73.4

X=0.4 51.36 0.1095 57.7

X=0.5 54.15 0.1232 63.4
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Fig.7. SEM micrographs of NiixFexAl,O4.(a) : x=0; (b) : x=0.1; (c) : x=0.2; (d) :
x=0.3; (e) : x=0.4; (f) : x=0.5 calcined at (650-1000°C)

3.5 Electrochemical properties

3.5.1 Catalytic activity of Niy.xFexAl,O4 electrodes

Polarization studies under potentiostatic conditions for Ni;«FexAl,04 (0 < x < 0.5) catalysts
were carried out (Fig. 10). The highest electrode performance is achieved, for anodic current
density with Nig7Feo3Al,04. Oxygen evolution reaction shows an important jump for (0.0 < x
< 0.3), where the current density of Ni0.7Fe0.3AI204 (i=86.84 mA/cm?) is ~ 27 times greater
than that of NiAl,O, (i=3.22 mA/cm?) at E= +0.8V. As Fe content is increased beyond 30 %,
catalytic activity starts to decrease. The improvement of catalytic activity with incorporation
of iron (x < 0.3) is probably due to the amelioration of the conductivity and the crystallinity of
the doped material [45-46]. Burke et al. have also reported the role of iron in activating OER
catalysts [47]. It has been shown that oxidized nickel (oxy) hydroxide is conductive and thus
electrically connects the dispersed Fe sites to the conductive electrode. On the other hand, the
electronic interaction between Ni and Fe likely further activates the Fe site for the OER. For
higher iron content (x > 0.3), the trend reverses and the catalytic activity becomes lower. This
can be probably due to that these catalysts have not the optimal M-O bond strength that is this

bond which constitutes intermediate specie of the OER mechanism is too strong or too weak.
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On the other side, Friebel et al. [48] have reported that for Fe content 25-50%, the presence of
the phase-segregated FeOOH that lowered the overall geometric activity. This is due to that

FeOOH is electrically insulating and thus OER is less active [47].
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3.5.1 Stability of Ni;«FexAl,O,4 electrodes.

The NixFexAl,O4 oxiges Stability under oxygen evolution reaction conditions was tested.
Figure 9 shows the cyclic voltammograms of the 1% and 100"  cycle for NiFeAl,O, and
Nio7Feo3Al,04 electrodes towards oxygen evolution reaction. In the two cases, after one
hundred cycles, the curves show almost similar peaks with a slight decrease in current density
for the undoped sample while it becomes higher for Nig7Feo3Al04 at E > 0.7V. Indeed,
during 100 cycles, the current density decreases from 3.22 to 2.11 mA/cm? (~ 34%) for
NiFeAl,O, and increases from 86.84 to 91.75 mA/cm? for Nio7Feo3AlL0,4 (~ 5.65%) at
E=0.8V. This result indicates clearly that the stability of the electrode doped with 30% of iron
is much better than the undoped electrode. This is probably due to the improved crystallinity

of the doped sample compared to the undoped one [49]. Furthermore the current density of
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NigsFeo3Al0, electrode after 100 cycles is 5.65 % higher than that of the first cycle

indicating that this electrode is more activated which explains its better catalytic activity.
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Fig.9. Cyclic voltammograms of NiFeAl,O4 and Nig7Fe3AlL0, for the 1% and 100" cycles in
1M KOH media

4. CONCLUSION

The Nil,FexAl,O4 (0< x <0.5) spinel oxides were prepared via sol-gel method. XRD
analysis reveals that all samples crystallize with cubic structure at the temperature range
(650-1000°C), as well confirmed by IR spectroscopy. A single-phase structure was observed
for NilFe Al,O4 at 0< x < 0.5. The microstructure of the compounds show that particles are
partially spherical in shape and the powders are partially agglomerated.

The electrochemical behavior of these samples reveals that the electrode with 30% of iron
content Nig7Feo3Al,04 exhibits a higher electroactivity. This indicates that Ni0.7Fe0.3A1204
oxide is among the investigated series the best electrocatalyst for oxygen evolution reaction.
These results show clearly that there is a close relationship between the activity of the catalyst
and the iron content. After one hundred cycles, the stability of the doped electrode with 30%

of iron is much better than the undoped one. The catalytic activity is improved with ~ 5.65%



W. Tibermacine et al. J Fundam Appl Sci. 2019, 11(1), 227-244 241

for Nig.7Fep3Al1,04 while it is reduced with ~ 34% for NiFeAl,O,.
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