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Abstract The present work reports the co-precipitation synthesis and photocat-
alytic activity of MFe,O4 (M = Ni, Zn, Co, Cu, Mg) nanopowders. To compare
their properties, all the powders were synthesized under similar synthesis condi-
tions. Their structures and properties were determined by X-ray diffraction, scan-
ning electron microscopy, X-ray photoelectron spectroscopy, UV-Vis diffuse
reflectance spectra, nitrogen adsorption—desorption, and vibrating sample magne-
tometry. The results revealed the formation of single-phase spinel-structure mag-
netic nanoparticles with particle size <10 nm. All the samples exhibited strong light
absorption in the visible range. Among the investigated nanopowders, nickel ferrite
showed the highest photocatalytic activity and dye adsorption. The change in the
light absorption intensity after 3 h of visible light irradiation of the dye over the
NiFe,0,4 photocatalyst reached ~70 %.
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Introduction

Research on new photocatalysts for pollutant degradation or water splitting to store solar
energy is of great interest in both science and technology. Photocatalysts should be
visible-light active, magnetically separable, and stable against photocorrosion [1]. Spinel
ferrites are promising materials for these purposes due to their low bandgap energy [2],
ferrimagnetic [3] or superparamagnetic [4] behaviour, and structural stability [5]. The
physical and chemical properties of the ferrites are strongly influenced by their chemical
composition [6], cation distribution between sub-lattice sites [7], and synthesis method
[8], as well as the type and concentration of the point defects in the spinel structure, which
can be regulated by controlling the stoichiometry or preparation conditions [9—12].

The spinel ferrite structure can be described as a cubic close-packed arrangement of
oxygen atoms in which 32 oxygen ions forms a unit cell. Layers of oxygen ions contain 64
tetrahedral sites and 32 octahedral sites. To provide electrical neutrality of the lattice, the
8 tetrahedral and 16 octahedral sites are occupied by divalent or trivalent ions, so a unit
cell contains 8 MFe,O, formula units [13]. It is possible to regulate spinel ferrite
properties to a large extent by changing the chemical composition, because M in the
formula MFe,O, can be an Fe, Ni, Zn, Co, Cu, Li, Mg, Cd, Mn, Cr, or Ca ion, or these ions
can even be combined as in Ni-ZnFe,O,, for example. The properties of spinel ferrites
can also be regulated by changing the distribution of the divalent and trivalent cations
between the tetrahedral and octahedral sites [7]. Spinel ferrites can be expressed by the
formula (MgFe_5)(M;_sFe )04, where 0 is the inversion degree. The normal spinel
structure with 6 = 1 has tetrahedral sites occupied by divalent cations, while octahedral
sites are occupied by trivalent cations. In the inverse spinel structure with 6 = 0, the
divalent cations occupy octahedral sites, while the trivalent cations are distributed among
the tetrahedral and octahedral sites. In a mixed spinel structure with é between 1 and 0,
both the tetrahedral and the octahedral sub-lattice sites are occupied by divalent and
trivalent ions [13]. A typical spinel ferrite with a normal spinel structure is ZnFe,O,.

Many different spinel ferrite compounds have recently demonstrated reasonable
visible-light photocatalytic activity [14]. Zn-, Ni-, Mg-, Cu-, and Co-spinel ferrites
have attracted the greatest interest because they exhibit not only decent visible-light
activity but also ferrimagnetic or superparamagnetic properties. However, spinel
ferrites have shown diverse photocatalytic efficiency in different investigations.
Cheng et al. [15] demonstrated that zinc ferrite can be almost inactive, while Guo
et al. [16] showed high visible-light activity by complete degradation of methylene
blue (MB) in 150 min. As the physical and chemical properties of spinel ferrites are
strongly affected by the synthesis conditions and method, because these influence
the chemical composition, stoichiometry, point defect concentration, and cation
distribution, we decided to synthesize different spinel compounds under similar
synthesis conditions to compare their photocatalytic properties.

Experimental

Spinel ferrites of MFe,O, (where M = Zn, Ni, Mg, Cu, or Co) were synthesized by
the co-precipitation method. Reagent grade Zn(NO3),-6H,0, Ni(NOs3),-6H,O,
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Mg(NO3),-6H,0, Cu(NO3),:3H,0, Co(NO3),-6H,0, Fe(NO3);-9H,0, and NaOH
were used as received from Sigma Aldrich. Each metal nitrate was dissolved
separately in distilled water. The solution molarity was 0.2 and 0.4 M for
M(NO3),-xH,O and Fe(NO3)3;-9H,O, respectively. The solutions were mixed
together. A 5-M NaOH solution in water was used as a precipitator and added drop-
wise to increase the pH above 12. Then, the mixture was heated up to 80 °C and
stirred for 3 h. The precipitates obtained after stirring were filtered, washed with
distilled water, and dried at 60 °C for 24 h. After drying, parts of the powders were
annealed at 150, 300, 450, and 600 °C for 3 h.

The crystal structure of the obtained nanopowders was characterized with an
Ultima+X-ray diffractometer (Rigaku, Japan) with CuKo radiation. Microstructural
features were analysed by high resolution scanning electron microscopy (SEM)
(Helios Nanolab, FEI) and nitrogen adsorption—desorption (NOVA 1200e; Quan-
tachrome, UK). Magnetic properties were measured by a vibrating sample
magnetometer (VSM) (Model 7404 VSM; Lake Shore Cryotronic, USA).

To measure the light absorbance of nanopowder samples, a UV-Visible
Shimadzu UV-3700 spectrophotometer (Shimadzu Scientific Instruments, Kyoto,
Japan) with a barium sulfate-coated integrating sphere ISR-240A (wavelength range
from 240 to 800 nm) was used. With integrating spheres, the measurement is
performed by placing the sample in front of the incident light, which reflects from
the sample in all directions (diffuse scattering) inside a sphere coated with barium
sulfate, and is collected with the detector at the end. The obtained relative
reflectance R., with respect to the reflectance of the reference standard (barium
sulfate) was taken to be 100 %. A Kubelka—Munk function conversion is applied to
the diffuse reflectance spectrum to compensate for differences in the raw diffuse
reflectance spectrum from its transmission equivalent [17].

The Fourier transmission infrared (FTIR) absorption spectra of dried nickel
ferrite sample were recorded in the range from 400 up to 4000 cm™' using a
Shimadzu Prestige 21 spectroscope (Japan). Sample preparation included mixing
ferrite powder with dried KBr powder and pellet formation.

X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical
state and elemental composition of sample nanopowders. XPS measurements were
conducted using a surface station equipped with an electron energy analyser
(SCIENTA SES 100) and a non-monochromatic twin anode X-ray tube (Thermo
XR3E2), with characteristic energies of 1253.6 eV (Mg K,;, FWHM 0.68 eV) and
1486.6 (Al K,; , FWHM 0.83 eV). All XPS measurements were conducted in ultra-
high vacuum (UHV) conditions. Raw data were processed using Casa XPS
software. Data processing involved the removal of K, and Kg satellites, removal of
background, and fitting of components. Background removal was done using a
Shirley background, and a Gauss—Lorentz hybrid function was used for fitting (GL
70, Gauss 30 %, Lorentz 70 %) to obtain the best fit. However, the absolute
amounts of different compounds have to be considered cautiously and are given as
estimates only.

The photocatalytic activities were evaluated by degradation of MO dye in an
aqueous solution under visible light. A light-emitting diode (LED) 100-W light
source Visional IP65 (see Fig. 1 for the measured emission spectrum of the light
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source) was used. The initial concentration of MO in a closed polystyrene reaction
vessel was fixed at 10 mg/l with a photocatalyst loading of 1 g/l. The rate of MO
dye degradation was monitored after certain time intervals by taking 1 ml of sample
from each set, centrifuging, and analysing it using the spectrophotometer. Dye
degradation was controlled by the MO concentration change C/C, by measuring the
absorbance at maximum wavelength (4,,c) of MO dye. C and C, are absorbance
values at maximum wavelength after and before photocatalytic activity measure-
ment, respectively.

Results and discussion

The SEM micrographs of the co-precipitation-derived nanopowders (without
annealing) are shown in Fig. 2. SEM micrographs demonstrate that the nanopow-
ders mostly consist of agglomerated nanoparticles with a size of <10 nm. From the
SEM micrograph of the co-precipitated MgFe,O,4 sample, it was not possible to
distinguish individual nanoparticles, which was attributed to the small size of the
particles or the amorphous nature of the synthesized powder, as demonstrated by
XRD. After annealing, the particle size increased in all samples. As an example, the
SEM micrograph shown for the NiFe,O,4 sample (Fig. 1) annealed at 600 °C for 3 h
confirms particle growth during annealing.

Figure 3 shows the XRD diffractograms of the different co-precipitated ferrite
nanopowders. Co-precipitated CoFe,0,4, CuFe,0,4, and ZnFe,0,4 samples exhibit
XRD peaks at 20 ~ 18°, ~30°, ~35.5°, ~37°, ~43°, ~54° and ~57°, which can
be indexed to reflection from the (111), (220), (311), (222), (400), (422), and (511)
planes of the cubic spinel crystal structure, respectively. Additional XRD peaks
from impurity phases were not observed in any of the samples. XRD patterns of the
NiFe,04 and MgFe,O, samples do not show sharp reflexions, which could be
attributed to the small size of the synthesized particles or the amorphous nature of
the synthesized products. However, crystallinity cannot be estimated correctly from
measured XRD patterns due to peak broadening arising from small particle size.
The mean crystallite sizes (D) of the samples, listed in Table 1, were calculated by
using the well-known Scherrer’s formula from the full-width at half-maximum of
the (311) plane. As can be seen from Table 1, the highest average size of crystallites

Fig. 1 Measured spectra of
light source used for .
photocatalytic experiments *‘g
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Fig. 2 SEM micrographs of different co-precipitated ferrite samples (without annealing). The image in
the bottom right corner shows the SEM micrograph of NiFe,O, co-precipitated powder annealed at
600 °C for 3 h
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Fig. 3 XRD patterns of co-precipitated spinel ferrite samples without annealing (/eff) and XRD pattern
of co-precipitated NiFe,0, sample annealed at different temperatures for 3 h (right)

can be observed for CoFe,O4 and CuFe,O, and the smallest for MgFe,O, and
NiFe,O, samples.

The XRD patterns of NiFe,O,4 photocatalysts annealed at different temperatures
are shown in Fig. 3. By increasing the annealing temperature for the co-precipitated
NiFe,0,4 nanopowders, the intensity of the XRD peak indexed to reflection from
(311) plane increases, thus confirming increased crystallinity. The formation of
complete spinel NiFe,O, structure was observed after annealing at 600 °C. Samples
annealed at 600 °C exhibited XRD peaks which were indexed to reflections from
the (220), (311), (222), (400), (422), and (511) planes of the cubic spinel crystal
structure.
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Table 1 Properties of co-precipitated spinel ferrite photocatalysts

Ferrite D (nm) a (A) OBET (mz/g) E, (eV) M, (emu/g) H, (Oe)
CoFe,0,4 12.5 8.37 91 1.40 52.6 320.01
CuFe,0,4 11.5 8.36 117 1.56 24.3 -
ZnFe,04 4.5 8.44 134 2.06 3.8 10.03
MgFe,0, 2.3 - 135 1.91 1.8 20.01
NiFe,0y4 2.0 8.41 83 1.91 2.5 20.03

The measured BET specific surface areas (oggr) for different samples are
depicted in Table 1. Powder samples exhibit a high specific surface area from 80 to
135 m?%/g. The highest surface area of 134.9 m*/g was observed for MgFe,0,. The
NiFe,0,4 sample with the smallest calculated crystallite sizes exhibited the smallest
specific surface area. This discrepancy can be attributed to clustering and more
closed packed agglomerate formation dominated by the effects of the drying
colloidal solution of the small particles [18].

Figure 4 gives the UV-Vis absorption spectra (Kubelka—Munk function) of the
different co-precipitated spinel ferrites. All samples exhibit strong light absorption
in the visible range. The band gap energy necessary for the photoexcited electron
transition from O 2p origin valence band top into the Fe 3d origin conduction band
bottom in the spinel ferrite was found from the (othv)* versus photon energy plot and
is shown for different samples in Table 1. Band gap is found when a line drawn
from the absorption edge of molecule crosses the x-axes. All samples exhibit
bandgap energy lower than 2.1 eV, and therefore co-precipitated samples have
suitable bandgap energy for solar light absorption.

Adsorption and degradation under visible light of MO dye in aqueous solution by
different ferrite photocatalysts are shown in Fig. 5. As can be seen, the
photocatalytic activity of various spinel ferrite samples decreases in the order
CuFe,0, < CoFe,0, < ZnFe,0, < MgFe,0, < NiFe,0,. Nickel ferrite shows the
highest photocatalytic activity between synthesized spinel ferrites. The degradation
percentage after 3 h over the NiFe,O, photocatalyst reached ~70 %, while
absorption changes of the MO solution in the presence of NiFe,O, in the dark after

Fig. 4 UV-Vis absorption 2,0

spectra (Kubelka-Munk ——12ZnFe,0,

function) for different co- —— CoFe,0,

precipitated spinel-type ferrite 154 —NiFe,O,

samples ——CuFe,0,
——MgFe,0,

Absorbance (logl /1)
6

400 500 600 700 800 900 1000 1100
Wavelength (nm)
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3 h showed a decrease of absorption intensity by 26 %. Highest photocatalytic
activity of NiFe,O, can be attributed to its higher MO dye adsorption. Nickel ferrite
shows the highest dye adsorption among the samples, which can be attributed to its
smaller crystallite and grain size observed by XRD and SEM analysis or its surface
properties. Higher dye adsorption can be attributed to larger amounts of unsaturated
bonds and defects on the NiFe,O4 nanoparticle surface [19]. By decreasing the
nanoparticle size, the amount of unsaturated bonds and surface defects increases,
thus enhancing dye adsorption.

To obtain detailed information for the surface structure of the NiFe,O, sample,
FTIR studies were performed. An infrared spectrum of the non-annealed NiFe,O,
sample was recorded in the range 4000-400 cm™' (Fig. 6). In the region
4000-3000 cm ™', a strong and broad absorption band was observed with a
maximum at 3380 cm ™. This band can be associated with the non-bonded hydroxyl
species [20]. The FTIR spectrum is also showing the presence of —OH groups
(absorption at around 1000 cm_l). The FTIR spectrum also shows peaks at 1625,
1488 and 1355 cm ™!, which can be assigned to a carboxylate (COO™) stretch [21—
23]. Most of the carbon is adventitious carbon adsorbed on the sample from the
atmosphere. The absorption band at ~2340 cm™" corresponds to KBr.

Intrinsic stretching vibrations of metal cations in crystallographic sites of spinel
structure were also observed for the non-annealed NiFe,O,4 sample, which confirms
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i : ) 0,6
09 . * A | v ZnFe,0, dark
@ CuFe,0, dark
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Fig. 5 Adsorption and photodegradation during visible light irradiation of MO over time by using
various synthesized spinel ferrite photocatalysts (a), absorbance changes of MO solution in the presence
of NiFe,O, in the dark (b), and under visible light irradiation (c)
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Fig. 6 IR spectrum of the non-
annealed NiFe,0O,4 sample
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the spinel structure formation. Two main metal-oxygen bands in the spinel ferrites
are located below 1000 cm ™' [24]. In our synthesized NiFe,O, sample, the highest
one (V) is observed at 613 cm™ " and the lower one (V) at 437 cm ™. V is assigned
to intrinsic stretching vibrations of the metal cation at the tetrahedral site Mg, <O,
while V, corresponds to the metal cation at the octahedral site Myc,<—=O [25].
The non-annealed NiFe,O, sample was analysed more closely by XPS. The Ni
2p and Fe 2p XPS spectra (Fig. 7) of NiFe,0,4 demonstrated several deviations from
the spectra of pristine NiFe,O,4. The Fe 2p XPS spectrum of NiFe,0,4 was well fitted
(according to the residual STD value) by using a multiplet structure of FeO(OH)
(Fe3+); however, the presence of a small amount of iron oxide on the sample surface

Fig. 7 XPS overview spectrum
of NiFe,0, co-precipitated
nanopowder (upper panel) and
detailed photoelectron spectra of
Ni 2p (bottom left) and Fe 2p

(bottom right)
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cannot be excluded. Ni 2p XPS spectra of NiFe,O, heterostructure were a
combination of NiFe,O,4 and Ni(OH), [26], which are compounds that contain N>,
but Ni*™ was not observed in the XPS spectra. Overall, the NiFe,O, particles are
covered with Ni(OH), and FeO(OH), as can be concluded from the analysis of Ni
2p and Fe 2p photo lines. The formation of hydroxides on the NiFe,O, particles
might be due to the synthesis conditions of the particles (aqueous solutions) and/or
storage in the ambient atmosphere. The large amount of hydroxyl groups on the
surface of the NiFe,0, particles would produce reactive radicals, such as -OH, and
H,0,, further increasing the activity of the material. Such active radicals can react
with organic compounds and oxidize or reduce them [27].

The influence of the annealing temperature was studied for the three most active
synthesised photocatalysts (Fig. 8)—NiFe,O,4, MgFe,O4 and ZnFe,O,. The results
indicated that the photocatalytic activity of the tested samples decreases when
additional annealing is performed, which could be attributed to particle growth and
the decrease of the specific surface area. However, after heating at 600 °C, the
photocatalytic activity increases again to a small extent in all samples. The increase
in the photocatalytic activity after annealing at 600 °C can be attributed to the
increase of the crystallinity and the decrease of the defect concentration in the
material. It has been reported that almost all typical crystal defects such as grain
boundaries, dislocations, native point defects, and substitutional impurities are
expected to promote the scattering and recombination of carriers. Improved
crystallinity leads to reduced recombination and bulk transport of charge carriers
attributed to fewer non-equilibrium defects in the photocatalyst [28]. Improved
crystallinity for NiFe,O4 sample during annealing is confirmed by XRD studies
(Fig. 3 (right)).

All synthesized ferrite samples (without annealing) exhibited ferrimagnetic or
superparamagnetic behaviour (Fig. 9). However, NiFe,O4, MgFe,0,, and ZnFe,O4
particles exhibited weak magnetization, and thus only CoFe,O4 or CuFe,Oy4
particles could be collected by the external magnetic field. The saturation
magnetization (M) and coercive force (H.) values of different samples are given
in Table 1. The small M, values of NiFe,O, and MgFe,O, samples could be
attributed to small particle size, but in the case of ZnFe,O, sample, the low M; value
was due to its antiferromagnetic behaviour [7].

Fig. 8. Influence of the 80 C_INife,0,
annealing temperature on 704 — ZZZAMgFe,0,
photocatalytic activity of BEK ZnFe 0,
different synthesized Q 601
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]
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< 20~ Z
17 Te_ [k
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0 / : % 7
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Conclusions

This investigation provided a facile approach to the synthesis of visible-light active
magnetic spinel ferrite nanoparticles. The single-phased spinel structure was formed
after the co-precipitation reaction and drying at 60 °C (without further annealing).
The photocatalytic degradation of MO under visible light indicates that NiFe,Qy, is
the most efficient among the synthesized photocatalysts. The light absorption
intensity change after 3 h of visible-light irradiation of the dye over the NiFe,O,
photocatalyst reached ~70 %. FTIR and XPS analysis revealed the formation of
hydroxides on the NiFe,O, particles, which would enhance the formation of
reactive radicals such as -OH and H,0,. Overall, since co-precipitated ferrite
nanopowders exhibit visible light photocatalytic activity and magnetic properties, it
can be considered that they may have potential applications in the field of
photodegradation of organic pollutants.
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