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Abstract

Spinel nickel aluminate (NiAl,O,) is synthesized by mechanical alloying the stoichiometric mixture of NiO and
Al,O; powders followed by annealing the milled powders at 950 °C. The synthesized compound is also
characterized by XRD and UV-vis spectra analyses. The UV-vis spectra indicate the presence of a small amount
of Al,O5 in the synthesized sample. The photocatalytic degradation of Rhodamine B (RhB) dye in an aqueous
solution in presence of NiAl,O4/Al,O5; nanocomposite is found to be ~ 82 % under visible light irradiation. The
photocatalytic performance of the material indicates that it can be used for the removal of organic pollutants
from wastewater.
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I Introduction

Both metal oxides and mixed metal oxides are being extensively used in different fields such as
optics™?, electronics®*, catalysis®®, and so on. A spinel compound is a mixed cation ternary oxide material
whose physicochemical properties mainly depend on the cationic distributions among the tetrahedral and
octahedral sites in the crystal lattice "°. The ideal spinel structure consists of a cubic close-packed array of
anions with one-eighth of the tetrahedral and half of the octahedral sites occupied by Ni** and AP cations **°.
Cubic nickel aluminate (NiAl,O,) spinel belongs to the space group Fd3mand with normal spinel structure. The
NiAlLO, (NiO-Al,Os) binary oxide system has various interesting applications in the field of catalysts®®, anode
material for SOFC, and chemical-looping combustion****. Generally, the optical and structural properties of
nanomaterials are very different from their bulk counterparts. The effects of temperature and pressure on the
cations distribution in NiAl,O4 and its applications as catalysts have been studied over the years by different
authors and methods. There are many synthesis methods of NiAl,O, nanocrystalline spinel, like solid-state
reaction ***, mechanical alloying™®, microwave heating *"*®, microwave combustion method *°, sol-gel”°, co-
precipitation®’. Nazemi et al.'® prepared nanostructure NiAl,O, spinel from NiO and Al,O; powders after 60h
ball milling. They also found that 15h ball milling and 2h of heat treatment at 1100°C was enough to prepare a
single-phase nanostructure NiAl,O, spinel. Han et al.?? prepared nanostructure NiAl,O, spinel from NiO and
Al, O3 powders after 168h of ball milling. But, such a long-duration synthesis of the material is time-consuming
and not suitable for industrial applications. Javanmardi et al.'® prepared NiAl,O, spinel by 5h mechanical
milling the NiCO; and Al mixtures with subsequent annealing at 900°C for 2h. The most general synthesis
method of crystalline NiAl,O,4 spinel is a solid-state reaction that involves the mixture of metal oxides and is
usually performed at high temperatures. It is the simplest synthesis process but in this method, it is difficult to
synthesize stoichiometric NiAl,O,4 as even the starting mixture contains a critical 1:1 molar ratio in NiO and
Al,0;% Han et al.?? proposed some points by which one can reduce the excess reactants in the desired single-
phase NiALO, spinel sample. Cooley and Reed®® prepared a nickel aluminate spinel with NiO excess even
heating it at 1391°C for 2 days. The use of higher temperature to improve the crystallinity of the NiAl,O,4 spinel
phase is the main drawback and also unavoidable 2*. The crystal formation and growth mechanism of NiAl,O,
depend on the cation counter diffusion at the interface of both metal oxides NiO and Al,O3 during the initial
stage of the thermal treatment. Very high energy is required to speed up the counter diffusion process; thus the
formation of NiAl,O, usually happens at higher temperatures. The diffusion of Ni** ions at the AL,Oj interface
leads to the formation of AFF* ions (Eq. 1) which diffuses at the interface of NiO and forms Ni?* ions (Eqn.2)
and \/2ch versa. These two processes (Eq.1 and Eq.2) occur simultaneously and are equivalent to the overall
Eq.3.5"
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At Al, O3 interface:

3AL0; + 2Ni** = 2NiALO, + 2AFP* + 0.50, (1)
At NiO interface:
2AF" + 3NiO + 0.50, = NiAl,0, + 2Ni** (2)
The overall reaction:
AlL0; + NiO - NiAl,0, (3)

So it is desirable that if the area of the interface of both metal oxides increases; it will boost up the
counter diffusion phenomenon and as a result, the formation of the crystalline NiAl,O, phase may occur at a
comparatively lower temperature. By keeping this fact in mind, in the present study, an attempt has been made
to synthesize stoichiometric nanocrystalline NiAl,O, spinel by the mechanical alloying of NiO and Al,O;
powders followed by annealing the milled powders at 950°C. The aims of this study are (i) synthesis of NiAl,O,
nanocrystals by mechanical alloying followed by solid-state reaction and (ii) to examine the photocatalytic
efficiency of the synthesized material under visible light irradiation.

Il.  Experimental section
2.1 Synthesis of NiAl,O,/Al,O5 nanoparticles

The homogeneous stoichiometric mixture (1:1 molar ratio) of nickel oxide (99%, Sigma-Aldrich) and
aluminum oxide (99%, Merck) powders were prepared by hand grinding the accurately weighed powders in an
agate mortar for 30 min. The mixture was then placed into a tungsten carbide vial containing 30 tungsten
carbide balls. Mechanical alloying of the mixture was carried out for 4h in a dry medium by a high-energy
planetary ball mill (P6, M/S Fritsch, GmbH, Germany). Precautions were taken to avoid any inclusion of
impurity from the milling media. For annealing in the open air, a part of the milled powders was placed in a
muffle furnace set at 950°C with a constant heating rate of 5 K min™. The sample was heated for 5h and then
cooled in air.

2.2 Characterizations of synthesized NiAl,O4/Al,O; nanocomposite

X-ray diffraction (XRD) data of the synthesized powders were recorded by an automated (Bruker AXS,
D8 Advance, Da Vinci) X-ray diffractometer with Ni-filtered Cuk, radiation A = 1.5418 A. For the UV-visible
absorption study, a small amount of the powder sample was fairly dispersed in ethanol using vigorous sonication
and then the solution was transferred to a quartz cuvette of the spectrophotometer. The UV-visible absorption
spectra of the nanocomposite were recorded in a UV-vis spectrophotometer (Shimadzu UV-1800, Japan) within
the wavelength range of 200-800 nm.

The photocatalytic performance of NiAl,O4/Al,O; nanocomposite was studied by the photodegradation
of model organic pollutant Rhodamine B (RhB) dye under the visible light (200W tungsten lamp, A>420nm)
irradiation at room temperature. A 150 ml of an aqueous solution of 10mg/L RhB was placed in a glass beaker
and then 3mg of the photocatalyst was added to the solution. The mixture was then magnetically stirred in dark
for 30 min to reach desorption-adsorption equilibrium before light illumination. The blank experiment (without
photocatalyst) and dark experiment (without light) were also carried out for the same period as the
photocatalytic experiment. During the process of reaction, the upper clear solution was analyzed every 30 min
by recording the maximum absorption band (553 nm for RhB) in the successively UV-visible spectra using a
Shimadzu UV-1800 spectrophotometer.

I1l.  Results And Discussion
3.1 XRD analysis

Fig.1 represents the XRD patterns of the unmilled NiO + y-Al,O3 (1:1 mol %) powder mixture, 4h ball-
milled powder mixture, and 4h ball-milled powder annealed at 950°C for 5h. The presence of crystalline phases
in the compounds is identified from the respective JCPDS databases. The XRD pattern of the unmilled sample
comprises the individual reflections from both NiO (JCPDS: # 04-0835) and y-Al,O3; (JCPDS: #10- 0425)
phases. The most intense peak of y-Al,Os is located at 26 = 67.093%. It is obvious from Fig.1 that after 4hof ball
milling, the growth of the spinel NiAl,O,4 phase is initiated in presence of the precursor phases. The XRDpattern
of the annealed sample (at the top of Fig.1) contains all the reflections from the NiAl,O, phase (#JCPDS:
10-0339).
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Fig.1 XRD patterns of the unmilled, 4h milled and 4h milled powder annealed at 950 °C samples

3.2 UV-vis absorption study
To estimate the energy band gap value of the prepared sample, the optical absorption spectrum has
been obtained from a UV-vis spectrometer. Fig.2 shows the absorption spectrum of the sample and depicts that
the material can absorb radiation in the ultraviolet range as well as visible range in the spectral region of 200-
800 nm. The preC|se optical band gap value of the sample is evaluated from the UV-Vis spectrum by using the
Tauc relation:?"?
(ahv)™™ = A (hv- Ey) (4)

where a is the absorption coefficient, hv is the incident photon energy, A is a constant and E, is the band gap
energy of the material. The exponent ‘n’ depends on the type of the transition. For a direct band gap
semiconductor, the value of the exponent is taken to be ;_ The band gap energy has been calculated by

extrapolating the linear portions of the (ahv)? vs hv plot on the hv axis. From the slope of the Tauc plot (inset of
Fig. 2), two band gap values are estimated. The band gap values 2.90 eV and 3.91 eV belong to NiAl,O,
nanocrystallites 2% and y-Al,O; nanocrystallites 3 respectively and these estimated values are well consistent
with the previously reported values. This finding indicates that there may exist a small amount of Al,O3 present
in the synthesized sample.
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Fig.2: Optical absorption spectrum of NiAl,O4/Al,O5; hanocomposite
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3.3 Photocatalytic activity
Dyes are one of the most used chemical compounds in industries. The excessive presence of these
compounds in wastewater causes dangerous consequences to nature's surroundings. Rhodamine B (RhB) is one
of the most used model dyes in photocatalytic experiments. The synthesized NiAl,O4/Al,O; photocatalyst has
been used to explore the degradation of the RhB dye under visible light (A > 420 nm) irradiation at room
temperature and the corresponding result is shown in Fig.3.
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Fig.3: Time dependant UV-vis absorption spectra of RhB aqueous solution in the presence of NiAl,O4/Al,O;
nanocomposite, as a function of irradiation time.

Fig. 4 shows the photocatalytic degradation of the RhB dye within 300 min under visible light
irradiation in the presence of NiAl,O4/Al,O3; nanocomposite. The decolorization of RhB solution is strongly
activated by the presence of the NiAl,O,/Al,O; photocatalyst under the irradiation of visible light. It is also clear
from the plot that the photocatalyst is the main key factor for the degradation. The percentage of the degradation
efficiency () of the RhB dye has been calculated as,

n= % x 100% (5)
0
The degradation efficiency of ~50% were obtained within 120 min visible light irradiation. The degradation of

all organic dyes increases with increasing irradiation time and follows the pseudo-first-order Kinetics.
The photocatalytic reaction is assumed to follow Langmuir-Hinshelwood (L-H) kinetic model:?"

In(%) = -kt (6)
0

where ‘k’ is the reaction rate constant (min™), C, is the initial concentration (at t=0) and C is the residual
concentration of dye after a certain time ‘t’ (min). The degradation rate constant ‘k’ was calculated from the

slope of the kinetic plot (Fig.5) which shows two different values of ‘k’. Initially, up to 180 min, the ‘k’ value is
0.0071 min™ and then the value becomes 0.0037 min™.
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Fig.4: Plot of C/C, versus irradiation time
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Fig.5. The plot of -In(C/C,) as a function of irradiation time

3.3.1 Photocatalytic mechanism and performance

Based on the above results, a possible mechanism of the enhanced photocatalytic performances of RhB
dye pollutant with NiAl,0,4/Al,0; nanocomposite is proposed and shown in Fig.6. In photodegradation, the
pollutants are oxidized by some reactive species such as hydroxyl radicals (OH"), holes (h*) and superoxide
radicals (O,e-).2"%3 It is already established that hydroxyl radicals (OH") generated by the illumination of the
photocatalyst are the main species responsible for the photocatalytic degradation of organic pollutant molecules.
As Al,Os has no absorption response to visible light due to its wide band gap energy, the visible light absorption
of NiAlO,/Al,O3 nanocomposite is solely contributed by the NiAl,O, component in the photocatalytic reaction.
Under visible light illumination, electron-hole pairs are generated on NiAl,O4. The band-edge position plays a
significant role in determining the photoexcited charge carriers capturing to produce different reactive species.
The conduction band-edge potential (Ecg) and valance band-edge potential (Evg) of NiAlL,O, have been

estimated by using this empirical formulie:**2
Ece =X-E°-0.5E, (7
Eve =Ecs + Ey (8)
where X, E°, and E4 are the absolute electronegativities, the energy of free electrons on the hydrogen scale (4.5
eV), and the band gap energy of the semiconductor respectively. The absolute electronegativity (X) of NiAl,O,
is calculated by the geometric mean of the absolute electronegativity of the constituent atoms. The absolute
electronegativity of the constituent atoms is defined as the arithmetic mean of the atomic electron affinity and
first ionization energy of the individual atoms. The X value and the band gap energy for NiAl,O, are 5.46 eV
and 2.90 eV respectively. The Ecg and Eyg of NiAlLO, are calculated as -0.41 eV and 2.49 eV respectively. The
conduction band potential of NiAlLO, (-0.41 eV) is more negative than the oxidation potential of 0,/O, (-0.33
eV), hence photogenerated electrons react with the dissolved O, molecule in the solution to produce O;. The
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RhB dye could be photodegraded via the reaction with O, The potential for O, /H,0, (0.695 eV) is higher than
the CB potential of NiAlL,O4 (-0.41 eV). Thus, the electrons in the CB of NiAl,O, react with absorbed O, to
generate H,0,. Afterward, this produces OH’ radical by capturing electrons. On the other hand, the oxidation of
H,0 to hydroxyl radical does not occur due to the higher potential of H,O/ OH (2.8 eV) than the VB potential
of NiAlL,O, (2.41 eV). But, the VB potential is higher than the oxidation potential of OH/ OH' (2.38 eV), as a
result, the oxidation of OH" to hydroxyl radical takes place by capturing photogenerated holes.
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Dye
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1+ 73
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Fig.6. Proposed photodegradation mechanism of RhB dye in presence of NiAl,O4/Al,O; nanocomposite

photocatalyst

Accordingly, the photogenerated holes react directly with absorbed dye pollutant molecules to produce degraded
products. The whole mechanism of photocatalytic reactions can be summarized with the following equations (9-
16):

NiALOL/ALO; + hv (visible light) > e- (NiALO) + h (NiALOy) 9)

ecB (N|A|204) + 02 d 02 (10)
0, + RhB - degraded products (11)

2€EB (N|A|204) + 2H+ + 02 hd HzOz (12)
H,0, + ez (NIALO OH- +OH’ 13
OH™+hyy Redicg NAEQ) 13
OH' + RhB — degraded products (15)

hijz (NiAlLO,) + RhB — degraded products (16)

Several reasons may account for the enhanced photocatalytic activity of the NiAlL,O4/Al,O4
photocatalyst, (i) due to the amphoteric nature of the Al,O, it is insoluble in water and forms a layer on the
NiAlLO, surface can effectively protect the NiAl,O, from dissolution in aqueous solution®, (ii) the specific
surface area of the NiAl,O, nanoparticles increased by ball milling, so both adsorptions and catalytic
performances are enhanced considerably and (iii) the non-semiconducting Al,O; nanoparticles serve as surface
additives which facilitate the trapping of photoinduced carriers®.

IV.  Conclusions

In the present study, we have synthesized NiAl,O4/Al,O; nanocomposite by mechanical alloying
followed by sintering at a comparatively lower temperature at 950 °C than usual. The band gap energies of major
NiAlL,O, and minor y-Al,O; phases are found to be 2.90 eV and 3.91 eV respectively. NiAl,O4/Al,O;
nanocomposite photocatalyst exhibits enhanced photocatalytic activity under visible light irradiation. The
photocatalytic degradation of RhB dye in presence of NiAl,O4/Al,03; nanocomposite is found to be ~ 82 %. The
insolubility of y-Al,O; effectively protects NiAl,O4 spinel from dissolution. These findings indicate that the
synthesized NiAl,O4/Al,0; nanocomposite may provide a new approach for high-performance photocatalyst
design and several environmental issues.
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