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Abstract. A synthetic procedure combining high energy ball-milling and calcination at 900 °C was applied
to obtain mixed metal oxides of the type Zn1-xNixFe2O4 (x = 0.25; 0.5; 0.75). The formation of spinel-like
structures and the phase composition were conﬁrmed by XRD in combination with Mössbauer, IR and Raman
spectroscopy. The crystallite size was analysed from X-ray diffraction data revealing nanometric crystallites
with an average size in the interval 20–60 nm. The IR spectra showed two fundamental absorption bands in
the range 650–400 cm-1, which are characteristics of the metal-oxygen vibrations in tetrahedral and octahedral conﬁgurations. The mixed metal oxides were tested as catalysts for the decomposition of methanol to
syngas and the degradation of the water pollutant malachite green in model solutions under UV light
irradiation. Both the catalytic and photocatalytic activities were found to increase with increasing content of
Ni(II) in the mixed metal oxides. The reduction behaviour of the samples was characterized by temperatureprogrammed reduction—thermogravimetric analysis and related to the catalytic conversion of methanol in the
presence of the oxides. The most active samples for malachite degradation had the lowest band gap energy of
1.43 and 1.45 eV. The measurements of the reaction liquor by atomic absorption spectroscopy veriﬁed the
stability of the samples tested as photocatalysts during the photocatalytic test.
Keywords. Spinel ferrites; Mossbauer spectroscopy; IR spectroscopy; Raman spectroscopy; photocatalysis;
methanol decomposition.

1. Introduction
Mixed metal oxides with spinel structure and formula of
the type MFe2O4, also called ferrites, where M represents a divalent metal ion, such as Ni(II), Zn(II), Co(II),
Cu(II) etc., have a wide range of applications in
microwave absorbance. Many electronic devices such
as radio and TV sets, high-frequency transformers,
memory core devices, rod antennas, telecommunication
applications, etc.1 They have been studied as catalysts
for selective oxidation,2 catalytic ozonation,3 decomposition of gaseous pollutants,4 photocatalytic

detoxiﬁcation,5 reforming of hydrocarbons for hydrogen production,6 phenol photooxidation,7 etc. Their
properties strongly depend on their chemical composition and the microstructure and heat treatment i.e. on the
procedure for synthesis.8 The routes reported for the
synthesis of spinel-like ferrites show quite a variety i.e.,
precipitation of hydroxides,9 hydrothermal syntheses,10,11 sol-gel method,12,13 combustion method,14,15
thermal decomposition of complexes,16 ceramic
route,17 etc. Mechanical treatment with ball milling is a
time-consuming technique, usually made in two steps
i.e. high-temperature calcination followed by ball
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milling at different time and rate.18–20 Usually the ball
milling is followed by a second heat treatment to remove
the microstrain in the crystal structure.21,22 Considering
that crystal structure defects can be centres for photocatalytic activity, it is interesting to follow their inﬂuence on the activity of the samples as catalysts as well.
The photocatalytic activity of Zn1-xCoxFe2O4 (x=0.25;
0.5; 0.75) was observed to depend on the duration of the
high energy ball milling and the Zn(II)/Co(II) ratio.20
Because of the similarity of the physical and chemical
properties of Co(II) and Ni(II), it can be expected that a
change of the ratio of Zn(II)/Ni(II) can modify the
properties of Zn1-xNixFe2O4 ferrites as much as a
change of the Zn(II)/Co(II) ratio did for Zn1-xCoxFe2O4.20 The ferrites are among compounds tested as
photocatalysts as an alternative for the very well-known
and tested commercial product TiO2 (Degussa-P25) for
degradation of water pollutants by photocatalysis. The
signiﬁcant absorbance of ZnFe2O4 in the 450–700 nm
range and its bandgap of 1.92 eV (646 nm), make it a
potential photocatalyst operating under UV and Vis
light;23 it has been tested for tuning the photocatalytic
properties of ZnO powders for the decomposition of
malachite green in water solutions24 as well as for
degradation of phenol.7 Its activity as a photocatalyst
has been found to be higher than that of ZnO or Fe2O3
but lower than that of TiO2 (Degussa-P25) due to the
adsorption of intermediate oxidation products that
compete with the phenol adsorption.25,26 ZnFe2O4
modiﬁed with Ni(II) has been tested successfully for
degradation of methylene blue under UV irradiation;27,28 NiFe2O4 has shown the best photocatalytic
activity among MFe2O4 (M = Ni, Zn, Co, Cu, Mg)
tested for degradation of methyl orange.29 The testing of
ferrites as photocatalysts for degradation of inorganics,
bacteria as well as organic molecules such as methylene
blue, methyl orange and rhodamine B has been summarized in ref.23, but data for malachite green degradation are limited. Malachite green, MG, is a rather
strong water pollutant that is harmful to living creatures
because of its potential carcinogenicity, mutagenicity
and teratogenicity in mammals.30 Some ferrites showed
activity in degradation of MG under UV light such as
ZnxFe1-xFe2O4 (x = 0.25, 0.5, 1),31,32 CoxZn1-xFe2O4
(x = 0; 0.25; 0.5; 0.75; 1),20 NiFe2O4 and Zn0.5Ni0.5Fe2O4 modiﬁed with Eu(III) and Tb(III).30
The research in the work presented here focuses on
the synthesis of ternary mixed metal oxides of the type
Zn1-xNixFe2O4 (x = 0.25; 0.5; 0.75) by a procedure
combining a solid-state reaction with mechanoactivation as well as on the test of their catalytic activity for
methanol decomposition and photocatalytic activity
for malachite green degradation. In order to detect the
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changes that occurred during the test in reducing
atmosphere, the samples were characterized after the
catalytic test of methanol decomposition as well.

2. Experimental
2.1 Synthesis of the Samples
The ternary mixed metal oxides Zn1-xNixFe2O4
(x=0.25; 0.5; 0.75) were produced by high energy ballmilling. The initial materials used were a-Fe2O3, NiO,
and ZnO powders (all Alfa Aesar, all p. a.). The
mixture of the oxides in the stoichiometric ratio was
ﬁrst hand-grinded for 30 min to ensure complete
homogenization and then sintered at 900 °C for 5 h.
The as-prepared samples were milled for two different
periods (4 h and 8 h) using a high energy ball mill
(Fritsch, Pulverisette 7) with zirconium oxide vials and
balls. The milling intensity was 600 rpm and the ballto-powder ratio was 8:1. The samples produced can be
presented by the nominal stoichiometric formula
Zn1-xNixFe2O4, where x = 0.25; 0.5; 0.75. In the text
they are denoted as ZnNi31/4, ZnNi11/4 and ZnNi13/
4, ZnNi31/8, ZnNi11/8 and ZnNi13/8, where the mole
ratio of the ions Zn(II)/Ni(II) (3:1, 1:1, 1:3) and the
duration of the milling (4 or 8 hours) is indicated.

2.2 Methods for Characterization of the Samples
X-ray powder diffraction (XRD) patterns for phase
identiﬁcation were recorded in the angle interval 10–80°
(2h), on a Philips PW 1050 diffractometer, equipped
with CuKa tube and scintillation detector. Data for cell
reﬁnements were collected in h–2h, the step-scan mode
in the angle interval from 10 to 80° (2h), at steps of 0.04°
(2h) and counting time of 1 s/step. The cell reﬁnements
analysis was carried out in BRASS - Bremen Rietveld
Analysis and Structure Suite.34
Mossbauer spectra were recorded with an electromechanical spectrometer (Wissenschaftliche Elektronik GMBN, Germany), in constant acceleration
mode at room temperature. The radiation source was
57
Co/Rh (activity%50 mCi) and Fe was used as inner
standard. The recorded spectra were used for calculations using software working with the method of
least squares. The following parameters of the superﬁne interactions were calculated: isomeric shift (IS),
quadrupole splitting (QS), effective inner magnetic
ﬁeld at the site of iron nuclei (Heff), as well as the full
width at half maximum (FWHM) and relative weights
(G) of the components.
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Scanning electron microscopy. The samples were
characterized by a dual-beam scanning electron/focused ion beam system (SEM/FIB LYRA I XMU,
TESCAN), equipped with EDX detector (Quantax
200, Bruker). The accelerating voltage can be varied
from 200 V to 30 kV. The image was acquired by
secondary electron or backscattered electron detectors.
Infrared spectra of the powdered samples were
recorded on an FTIR Nicolet 6700 (Thermo Electron),
with 0.5% of sample pressed in KBr pellets, recording
50 (mid-region), or 100 scans (far region) at resolution
4 (1.928 cm-1 data spacing).
Textural characteristics such as speciﬁc surface
area, total pore volume, and pore size distribution were
determined at – 196 °C using a TriStar II 3020 apparatus (Micromeritics). The Brunauer-Emmett-Teller
(BET) method was applied to for speciﬁc surface area
calculations. The pore size distributions were derived
from the desorption branch of the isotherms employing the Barrett-Joyner-Halenda (BJH) method. The
total pore volume was estimated at a relative pressure
of 0.989.
Raman spectroscopy. The measurements were carried out on a HORIBA Jobin Yvon Labram HR 800
micro-Raman spectrometer with a He–Ne (633 nm)
laser, the absolute measurement accuracy being
0.5 cm-1 or better.
TPR–TG (temperature-programmed reduction–thermogravimetric analysis) investigations were performed in a Setaram TG92 instrument. Typically,
40 mg of the sample was placed in a microbalance
crucible and heated in a ﬂow of 50 vol. % H2 in Ar
(100 cm3/min) up to 873K at 5 K/min and a ﬁnal hold
time of 1 h. Prior to the TPR experiments the samples
were treated in situ in a ﬂow of air up to 773K at a rate
of 10 K/min followed by a hold time of 1 h.
Bandgap energy calculations. The optical properties
(absorption and optical band gap energy) of the samples
were obtained by UV-Vis absorption spectra. In all
cases, broad absorption was registered in the 300–900
nm range of the spectra. The UV–Vis data were analysed for the relation between the optical band gap,
absorption coefﬁcient and energy (hm) of the incident
photon for near edge optical absorption in semiconductors. The bandgap energy was calculated from the
measured curves by ﬁts according to Tauc’s equation
ahm = A(hm - Eg)n, where A is a constant independent
of hm, Eg is the semiconductor bandgap and n depends on
the type of transition.35 Also, the well-known approach
for semiconductor bandgap energy determination from
the intersection of linear ﬁts of (ahm)1/n versus hv on the
x-axis was used, n being 1/2 and 2 for direct and indirect
bandgap, respectively.
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2.3 Photocatalytic Activity Measurements
The photocatalytic tests were performed in a slurry
(1 g catalyst/l), using a 10-5 M aqueous solution of
malachite green oxalate (MG) (Chroma GmbH) as a
model pollutant. The equipment and the procedure
used were as applied by us for the photocatalytic
measurements published.20,33,36 In short, after a
30-min ‘‘dark’’ period (in order to establish the
equilibrium of the sorption process), the system was
UV-illuminated by a lamp (Sylvania 18 W BLB T8,
emission in 345–400 nm region with a maximum at
365 nm), situated at 9.5 cm distance above the slurry,
(illumination intensity 0.5 W/m) under continuous
magnetically stirring (400 min-1) and bubbling with
air (45 l/h). The initial pH of the solutions was
between 5.8 and 5.9. Periodically, a 5 mL aliquot was
taken from the solution and ﬁltered through a 0.22-lm
SWINNEX-25 ﬁlter. The dye concentration was
determined spectrophotometrically by the band at
622 nm. The data obtained were plotted in coordinates (C/C0)/t and -ln(C/C0)/t (where C0 is the concentration after the ’dark’ period, and C is the
concentration after t min irradiation), and apparent
rate constants of the degradation process were
determined assuming ﬁrst-order kinetics. The sorption capacity was calculated as the ratio (C00–C0)/
C00, where C00 is the starting solution concentration
(before the ‘‘dark’’ period).

2.4 Catalytic Activity Measurements
Methanol conversion to syngas was carried out in a
ﬂow reactor (0.055 g of catalyst), with argon being
used as a carrier gas (50 cm3 min-1). The methanol
partial pressure was 1.57 kPa. The catalysts were
tested in a temperature-programmed regime in the
range of 350–770 K with a heating rate of 1 K min-1.
Before the catalytic test, the samples were treated
under Ar ﬂow at 373 K for 1 h. On-line gas chromatographic analyses were performed on an HP
apparatus equipped with ﬂame ionization and thermoconductivity detectors, on a PLOT Q column, using an
absolute calibration method and a carbon-based
material balance. The product selectivity was calculated as Yi/X*100, where Yi was the yield of i product
(calculated as the detected amount of i product/initial
amount of methanol, before the introduction in the
catalytic reactor) and X was the methanol conversion
at a selected temperature. Typically, the selectivity to
CO, which pursues the main reaction pathway for
hydrogen production from methanol, was presented.
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3. Results and Discussion
3.1 Characterization of the Samples Synthesized
3.1a Phase Composition and Crystal Structure
of the Ternary Mixed Metal Oxides: The XRD
patterns of the prepared catalysts show sharp and
symmetric peaks, indicating high crystallinity and a
single phase of Zn1-xNixFe2O4 (x = 0.25; 0.5; 0.75)
(Figure 1 a, b).
The results from the Rietveld analysis are summarized in Table 1.
The shape factor used for determination of the
crystallite size with the Scherrer equation is 0.89. The
calculated unit cell parameters for the samples Zn1-xNixFe2O4 (x = 0.25; 0.5; 0.75) are larger than that for
NiFe2O4 (when x =1) and smaller than that for
ZnFe2O4 (when x = 0). For the samples ZnNi11/4 and
ZnNi11/8 with an initial stoichiometry of Zn0.5Ni0.5Fe2O4, the calculated unit cell parameters are in a
good agreement with the crystallographic database
(ICSD 96-900-9921, Inorganic Crystal Structure
Database). The samples with an identical calculated
stoichiometry have the same unit cell parameters
within experimental error, independent of the duration
of the milling. The uncertainty of the calculations for
8 h-milled samples is high due to the smaller size of
the crystallites, which leads to the larger full width at
half maximum (FWHM) values. A decrease of the cell
parameters with decreasing Zn(II)/Ni(II) ratio is
observed i.e., with an increase of the content of Ni(II),
in spite of the slightly larger size of the Zn(II) ion (at
CN 4: 69 and 74 pm; at CN 6: 83 and 88 pm, for Ni(II)
and Zn(II), respectively). Similar tendencies have been
reported in ref.9, for example. As expected, the
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samples milled for 4 h have a larger crystallite size
(triple the size of 8 h-milled samples) (Table 1).
To conﬁrm the phase homogeneity of the samples,
additional characterization was done by Mössbauer
spectroscopy. Surprisingly, it was found that the
experimental Mössbauer spectra included two types of
components, i.e., a quadrupole doublet without
superﬁne magnetic structure, as well as sextets components with superﬁne magnetic structure (Figure 2).
The Mössbauer parameters calculated are presented in
Table 2.
The data in Table 2 show that the samples include the
components of spinel, hematite, and superparamagnetic
component, except the sample ZnNi31/8, where the
presence of hematite is not indicated. The values of the
effective inner magnetic ﬁeld in the site of iron nuclei,
Heff, show a wide range, but they are lower than the
typical values of crystalline spinel phases. The calculations for the component named as Sx-spinel are made
from the values of the quadrupole splitting, QS, of the
main sextet. The doublet components for ZnNi31/4 and
ZnNi11/4 have values of QS close to those of pure
ZnFe2O4. The presence of hematite may be explained by
incompletely reacted initial hematite material or by
partial destruction of the spinel phase during the milling
process due to high local pressures and temperatures
during collisions with balls and vial, and the kinetic
energy produced.37 It should be mentioned that no traces
of remaining a-Fe2O3 and NiO were observed in the
XRD patterns, judging by the absence of their most
intense peaks at 33.3° (PDF #00-001-1053) and 43.5o 2
theta (PDF #00-001-1239), respectively). The absence
of reﬂexes from hematite in X-ray diffractograms is
maybe due to the hematite present in very small crystals
that give broad diffraction lines (Figure 1). It could be

Figure 1. XRD pattern of Zn1-xNixFe2O4 after milling (a) 4 h: ZnNi13/4 (line 1), ZnNi11/4 (line 2), ZnNi31/4 (line 3)
and (b) 8 h: ZnNi13/8 (line 1), ZnNi11/8 (line 2), and ZnNi31/8 (line 3).
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Table 1. Unit cell parameters (ao), the average crystallite size (D) and lattice strain (e) for the mixed metal oxides.
No.
1
2
3
4
5
6

Sample

ao, Å

ZnNi31/4
ZnNi11/4
ZnNi13/4
ZnNi31/8
ZnNi11/8
ZnNi13/8
NiFe2O4, ICSD 96-100-6117
Zn0.5Ni0.5Fe2O4, ICSD 96-900-9921 (compare with §§ 2
and 5)

8.437 ±
8.398 ±
8.370 ±
8.436 ±
8.395 ±
8.369 ±
8.3370
8.4030

0.003
0.003
0.001
0.006
0.008
0.006

D, nm

e 9 10-3, a. u.

±
±
±
±
±
±

1.3
1.2
1.5
3.0
3.1
3.1

60
60
58
19
20
21

1
1
1
2
2
2

Figure 2. Mössbauer spectra of the samples (a) after 4 h milling: ZnNi31/4, ZnNi11/4, ZnNi13/4 and (b) after 8 h
milling: ZnNi31/8, ZnNi11/8, ZnNi13/8, from top to bottom.

also due to Cu-XRD tube used, causing a rather high
background, not visible on the ﬁgures because of the
stacking of the XRD patterns. The high background
could lead to the disappearance of some peaks especially if they have low intensity due to low quantity or
small crystallite size; a similar statement is reported in
ref.38 Given that the oxides in the source system are in
stoichiometric amounts for the formation of ferrite,
unreacted ZnO and NiO may be present as well but not
detected by XRD due to their small crystals, just like
hematite.

The content of hematite observed by Mössbauer
spectroscopy is higher for the samples milled for a
shorter time of 4 h, increases slightly with increasing
Ni(II) content, but does not exceed 22 mass %
(Table 2). One can conclude that with a milling time of
4 h ternary mixed metal ferrite with spinel-like
structure is produced only at ratio Zn(II)/Ni(II) = 1:3,
ZnNi13/4, with hematite included. At a longer milling
time of 8 h, a pure spinel structure is obtained with a
ratio Zn(II)/Ni(II) = 3:1 (sample ZnNi31/8), while at
ratio Zn(II)/Ni(II) 1:1 and 1:3 hematite is found along
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Table 2. Calculated Mössbauer parameters.
No.

Sample

Components

IS, mm/s

QS, mm/s

Heff, T

FWHM, mm/s

G, %

1

ZnNi31/4

2

ZnNi11/4

3

ZnNi13/4

4

ZnNi31/8

5

ZnNi11/8

6

ZnNi13/8

Sx1-a-Fe2O3
Db-SPM
Sx1-a-Fe2O3
Db-SPM
Sx1-a-Fe2O3
Sx2-spinel
Db-SPM
Sx1-spinel
Db-SPM
Sx1-a-Fe2O3
Sx2-spinel
Db-SPM
Sx1-a-Fe2O3
Sx2-spinel
Db-SPM

0.35
0.34
0.36
0.33
0.37
0.38
0.34
0.32
0.32
0.33
0.33
0.33
0.37
0.33
0.34

- 0.09
0.38
- 0.10
0.38
- 0.10
0.02
0.90
0.00
0.88
- 0.09
0.03
0.92
- 0.10
0.03
0.89

51.8
–
51.6
–
51.2
27.4
–
33.1
–
51.6
39.4
–
51.2
43.0
–

0.30
0.39
0.29
0.39
0.39
2.00
0.79
2.00
0.39
0.80
2.00
0.82
0.40
2.00
0.81

5
95
21
79
22
54
24
71
29
4
69
26
13
61
26

with the spinel structure, 4 and 13 wt %, respectively
(Table 2).
The formation of mixed metal oxides can be presented with the following equations, showing the initial mole ratios of the components:
a  Fe2 O3 þ 0:25Ni þ 0:75ZnO ! Ni0:25 Zn0:75 Fe2 O4
a  Fe2 O3 þ 0:5Ni þ 0:5ZnO ! Ni0:5 Zn0:5 Fe2 O4
a  Fe2 O3 þ 0:75Ni þ 0:25ZnO ! Ni0:75 Zn0:25 Fe2 O4

According to ref.18 the formation of ZnNiFe2O4
phase involves the initial formation of Zn ferrite by
diffusion of ZnO in Fe2O3, followed by diffusion of
NiO into the Zn ferrite to form Ni–Zn ferrite. Following this, the formation of the monophasic ternary
mixed metal ferrite Zn0.75Ni0.25Fe2O4, i.e., ZnNi31/8,
can be explained with the longer milling time of 8 h,
combined with the easier diffusion of the comparatively low content of NiO into the Zn ferrite initially
formed. The same ferrite Zn0.75Ni0.25Fe2O4, has been
synthesized after 60 h of milling.18
Considering the data from Mössbauer spectroscopy
for a-Fe2O3, it seems like not only the diffusion of
NiO into Fe2O3 but also the diffusion of ZnO into
Fe2O3 is slow, especially at the shorter milling time.
This explains the presence of free a-Fe2O3 in the
samples.
IR and Raman spectroscopy data were used to elucidate the composition of the as-obtained mixed metal
oxides. The IR spectra were obtained in the range of
1000–100 cm-1, where the bands of solids are usually
assigned to vibration of ions in the crystal lattice.39 In
the IR spectra of our samples, two main broad bands

for metal-oxygen, M-O, can be seen. Among them, the
most intensive one, observed at 540–570 cm-1 for all
the samples, corresponds to intrinsic stretching vibrations of the metal at the tetrahedral site, Mtetra-O,
(Figure 3) (603 cm-1 according,39 and 547 cm-1
according).40 Because both the positions and intensities of the bands depend strongly on the methods and
conditions of preparation,41 the difference between the
literature data and our results are not unusual. The
lowest band at 400–460 cm-1 for all the samples is
assigned to octahedral metal stretching vibration,
Mocta-O.39
It appears that the positions of the bands and the
shape of the spectra are inﬂuenced by the synthesis
procedure i.e. milling duration and Zn(II)/Ni(II) ratio

Figure 3. IR spectra of ZnNi31/4 (line 1), ZnNi11/4 (line
2), ZnNi13/4 (line 3), ZnNi31/8 (line 4), ZnNi11/8 (line 5),
and ZnNi13/8 (line 6), from bottom to top.
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(Figure 3). An increase of the wavenumber value both
for tetrahedral and octahedral M-O vibrations is
observed with the increase of Ni(II) content for all
samples. This tendency can be explained with the
preference of Ni(II) ions for the octahedral sites
(Zn(II) prefers the tetrahedral sites [Zn]Fe2O4 of the
spinel lattice, while Ni(II) prefers the octahedral sites
Fe[NiFe]O4, Fe(III) ions may occupy both sites.42 The
increasing content of Ni(II) ions, having a larger ionic
radius (0.69 Å) and higher atomic weight, is causing a
shift of the Fe(III) ions (0.645 Å) to tetrahedral sites,
by that affecting the Fe-O bond length and the
wavenumber value, respectively.42 The IR data conﬁrm the results from Mössbauer spectroscopy on the
similar composition of ZnNi31/4 and ZnNi11/4 (containing hematite and SPM, Table 2). The sample
ZnNi31/8 (Figure 3, 4th graph from bottom to top,) is
the only one without hematite according to Mössbauer
spectroscopy but is not different from the others in its
IR-spectrum. The IR spectra also show the presence of
OH-groups (not included here); they are considered
important for the hydrophilicity and the photocatalytic
activity.43
The Raman spectra can give additional information
on the structure of the samples (Figure 4). For the
samples studied in the interval 450–800 cm-1, the
same shape but rather different intensity of the bands
is observed.
The ﬁve Raman bands of spinel structure are at 330,
470, 530, 650 and 690 cm-1 .44 In the spectra of our
samples, the band at 480 cm-1 can be assigned as
characteristic for metal ions in the octahedral conﬁguration. According to,45 the bands above 600 cm-1 are
due to tetrahedral AO4 groups, so the observed band at
648 cm-1 and the shoulder at about 690 cm-1 can be
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assigned to metal ions in tetrahedral coordination. The
bands at 352 and 530 cm-1 are typical for the spinel
structure of mixed metal oxides.44,46 The band at 530
cm-1 most likely overlapped with the broad band at
480 cm-1, while the band at 352 is very intensive in
ZnNi31/4 and ZnNi11/4 samples. The bands at 226
and 296 cm-1 can be assigned to a-Fe2O3,46 which is
in accordance with the data obtained from Mössbauer
spectroscopy (Table 2). These bands are very prominent in the Raman spectra of ZnNi13/4, ZnNi11/8 and
ZnNi13/8, but much weaker in ZnNi31/4 and ZnNi11/
4. The spectrum of ZnNi31/8 differs, as it is shown by
Mössbauer spectroscopy, accordingly, it does not
contain hematite. The broadening and the asymmetry
of the bands observed could be due to nanosized
particles or high extent of cation disorder.47 The latter
probably is reﬂecting the positions of Fe3? in tetrahedral and octahedral coordination. Considering the
Raman spectra, the samples having similar spectra can
be grouped in three groups, by that conﬁrming the data
from Mössbauer spectroscopy i.e. (i) spinel-containing
samples, richest in hematite, ZnNi13/4 and ZnNi13/8;
(ii) spinel-containing samples with low content of
hematite, ZnNi11/8 and ZnNi31/8 (no any); (iii) zinc
ferrite with low content of hematite, ZnNi31/4 and
ZnNi11/4.
Morphology of the powdered samples was followed
by SEM. The SEM micrographs show an agglomeration which can be attributed to the mechanotreatment
of the samples without addition of surfactants (Figure 5 a, b). As a result during the milling, partial
melting of the edges of the smaller particles could take
place and can play a role of glue between the bigger
particles. Different magniﬁcations revealed nanosized
spherical particles in the range of 100 to 150 nm
(ZnNi31/4).
The textural characterization of the Zn-Ni ferrites is
included in Table 3. It can be seen that both the
samples milled at 4 h and at 8 h have rather small
values for the speciﬁc surface area, although a little
bigger for 8 h milled. The difference is not essential
but it can be said that an agglomeration of the samples
takes place, what is observed by SEM as well. The
average pore size is rather similar for the samples
prepared at 8 h milling, while for those at 4 h is
changing monotonously in correlation with the Zn/Ni
ratio.
3.2 Thermogravimetric Analysis

Figure 4. Raman spectra of ZnNi31/4, ZnNi11/4,
ZnNi13/4, ZnNi31/8, ZnNi11/8, and ZnNi13/8, from top
to bottom.

The reducibility of the samples (expected during catalytic
activity
tests)
was
evaluated
by

24
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Figure 5. SEM micrographs of ZnNi31/4 (a) and ZnNi13/8 (b) with different magniﬁcations.

Table 3. Textural characteristics of the samples studied.
Sample

Speciﬁc surface area, SBET, m2 g-1

ZN31/4
ZN11/4
ZN13/4
ZN31/8
ZN11/8
ZN13/8

2
2
2.5
4
9
4

Total pore volume, Vtotal, cm3 g-1

thermogravimetric (TG) analysis in a hydrogen
atmosphere. The TG data presented in Figure 6, a,
show that the mass change occurs in the temperature
range 550–900 K with a mass residue between 31.1
and 32.9%.
The initial temperature for reduction of the ternary
mixed metal oxides is decreasing with increasing
Ni(II) content in the samples (590, 530, 520 K for
ZnNi31/8, ZnNi11/8, ZnNi13/8 and 690, 650, 590 K
for ZnNi31/4, ZnNi11/4, ZnNi13/4) i.e., the higher the
Ni(II) content, the easier the reduction and the lower is
the initial reduction temperature. Among all the samples the highest initial reduction temperature observed,
690 and 590 K, is for ZnNi31/4 and ZnNi31/8,
respectively, both with the lowest Ni(II) content at
different milling durations. In comparison with the
samples obtained at 4 h milling, those obtained at
longer milling time 8 h show an easier reduction,
starting at lower initial temperature and have a smaller
crystallite size (Table 1). The latter could facilitate the
reduction.

0.004
0.012
0.024
0.022
0.039
0.016

Average pore size, Daverage, nm
7.7
31
40
22
18
19

The differential thermogravimetric curves (DTG)
(Figure 6, b) give the rate of mass change with the
temperature as well as the exact temperature where the
highest rate for mass loss is observed. Two-step
reduction process very well expressed for ZnNi13/4
and ZnNi11/4, but weaker for ZnNi13/8 and ZnNi11/
8, could be due to a reduction of one phase in two
steps or due to a presence of a second phase. The ﬁrst
step could be ascribed to the reduction of ferrite to
metallic M (M = Ni, Zn) and Fe2O3, and subsequent
reduction of Fe2O3 to Fe3O4 and the second to the
reduction of Fe3O4 to Fe.48 Based on these results we
can suggest that a second phase does not exist in the
samples undergoing the one-step process, i.e., ZnNi31/
4 and ZnNi31/8. The later one according to Mössbauer
spectrum shows pure spinel (Table 2), while the former one shows the lowest value of hematite, 5%,
besides 95% superparamagnetic component (Table 2,
Figure 2).
Due to essential agglomeration at the high temperature well-crystallized particles with different size can
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Figure 6. (a) TG and (b) DTG for the samples ZnNi31/4, ZnNi11/4, ZnNi13/4, ZnNi31/8, ZnNi11/8, ZnNi13/8, from top
to bottom, both for (a) and (b).

be seen in the SEM micrographs of the samples
ZnNi31/4, ZnNi13/4, and ZnNi13/8 after the TG/DTG
analysis (Figure S1, Supplementary Information).
3.3 Photocatalytic Activity of the Samples
The results from the photocatalytic activity test of the
ternary oxides ZnNi31/4, ZnNi11/4, ZnNi13/4 and
ZnNi31/8, ZnNi11/8, ZnNi13/8 are summarized in
Table 4 and presented in Figure S2, Supplementary
Information.
The ternary mixed metal oxides milled 4 h are less
active for the degradation of the MG dye under UV
light in comparison with the 8 h milled samples. The
positive inﬂuence of the longer milling time was
observed for the degradation of MG by ZnxFe3-xO4
photocatalysts as well.49 The samples with a higher
content of Ni(II) show higher rate constants and
therefore faster degradation of the MG dye. This is
also in agreement with the lowest values for the energy
band gap Eg 1.43 eV and 1.45 eV, respectively for
ZnNi13/4 and ZnNi13/8 i.e., the narrower the band
gap the higher the photocatalytic activity. Among all
the ternary oxides synthesized by us, the sample
ZnNi13/8 (8 h milling time and highest Ni(II) content)
shows the highest rate constant for the photocatalytic
process, 11.7910-3 min-1. Under the same experimental conditions (Experimental, Part 2.3.) the rate
constant obtained for TiO2 (Degussa-P25) was
11.6910-3 min-1 according to ref.36 The samples
ZnNi11/4 and ZnNi11/8 with nominal stoichiometry
Zn0.5Ni0.5Fe2O4 show rate constants (9 and 10910-3
min-1, respectively) comparable with that for Zn0.5Fe0.5Fe2O4 (10.7910-3 min-1), obtained by a

coprecipitation procedure.31 All the materials possess
high sorption capacities for MG (Table 4). The rate
constant data in Table 4 show that an increase of Ni(II)
content in the samples causes an increase in the photocatalytic activity. The tendency is observed for both
groups of ternary mixed metal oxides (4 and 8 h
milling time). The pure Zn ferrite, ZnFe2O4, synthesized by a combination of solid state reaction and 4 h
milling has a rate constant of 6.53910-3 min-1,20
while the modiﬁed Zn/Ni ferrites ZnNi11/4 and
ZnNi13/4, synthesized at the same reaction conditions
have values of 9.0 and 9.3910-3 min-1, respectively.
Apparently, the inﬂuence of Ni(II) should also be
taken into account for the activity of our ternary
oxides.
The role of hematite, a-Fe2O3, present in ZnNi31/4,
ZnNi11/4, ZnNi13/4, ZnNi11/8, and ZnNi13/8
(Table 2) on the photocatalytic activity of the samples
appears small. The sample ZnNi13/4 having the
highest a-Fe2O3 content doesn’t show the highest rate
constant in the process, while the highest value for the
rate constant is shown by the sample ZnNi13/8, which
does not contain the highest a-Fe2O3 content i.e. no
correlation between the hematite content and the
activity is observed. This is in accordance with the
data for the photocatalytic activity of pure hematite aFe2O3, calcined at 900 °C and milled for 4 h, showing
rate constant of 2.9910-3 min-1 20 i.e. lower in
comparison with those for the ternary oxides tested in
this work.
The defects in the crystal lattice playing the role as
active centers can improve the photocatalytic activity
due to improvement of the charge separation (e-/
h?).50 The content of the defects in the crystal lattice
can be assumed to be related to the calculated lattice
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Table 4. Photocatalytic activity, sorption properties and degradation rate.
No.
1
2
3
4
5
6

Sample
ZnNi31/4
ZnNi11/4
ZnNi13/4
ZnNi31/8
ZnNi11/8
ZnNi13/8

Rate constant, 9
10-3, min-1

Rate constant to crystallite
size, 9 10-3, min-1 nm-1

Sorption,
%

Degradation,
%

6.0
9.0
9.3
9.3
10.0
11.7

0.1
0.15
0.16
0.49
0.5
0.56

70.61
71.53
73.60
78.03
79.74
80.72

60
71
72
78
80
85

strain. The later one is largest for the 8 h milled
samples (Table 1), which are also the most active
among all. As an example the samples ZnNi13/4 and
ZnNi13/8 with rate constants 9.3 and 11.7910-3
min-1 show lattice strain of 1.9 and 3.0, respectively.
However, the 8 h milled samples also show much
smaller crystal sizes than the 4 h milled samples, so
they are likely to have a larger speciﬁc surface area,
which is conﬁrmed by the SBET measurements
(Table 3). Considering the connection between photocatalytic activity and speciﬁc surface area, the surface properties have a more direct inﬂuence on
photocatalytic activity than the particle size and surface
area.51,52 The size of the particles and crystallites
inﬂuence the activity of the catalyst by inﬂuencing the
processes of the e-/h? recombination.53,54 The data for
the photocatalytic activity in Table 4 are normalized
using the crystallite size of the samples. It can be seen
that the photocatalytic activity increases with decreasing crystallite size of the samples. For the ternary ferrites, both the Ni(II) content and the milling duration
have a signiﬁcant effect on the photocatalytic activity.
The pH value of the reaction liquor 5.8 and 6.5 was
determined in the beginning and at the end of the
photocatalytic test, respectively. Analysis for the metal

ions concentration in the reaction liquor after the test
by atomic absorption spectroscopy showed a very low
value for Zn(II) (3.10-6 g/L), while Ni(II) and Fe(II)
ions were below the detection limit of the method.
These data are evidence for the stability of the catalysts in the pH interval 5.8–6.5 of the photocatalytic
test and that no metal ions will leach from the catalysts
that are harmful to nature. It is known55 that oxidative
degradation of molecules such as MG proceeds
through benzophenones, acidic intermediates like
phenols, and small-molecule organic acids, such as
oxalic acid. The fact that no pH decrease is observed
here suggests that these intermediates do not form in
large quantities and that oxidation of MG proceeds to
full oxidation to CO2.
3.4 Catalytic Activity for Methanol
Decomposition—Conversion of Methanol
and Selectivity to CO
The conversion of methanol as a function of temperature is shown in Figure 7 a, and the selectivity to CO
(the main carbon-containing product) is given in Figure 7 b.

Figure 7. Temperature dependencies of the conversion (a) and CO selectivity (b) in methanol decomposition for ZnNi31/
4, ZnNi11/4, ZnNi13/4, ZnNi31/8, ZnNi11/8, and ZnNi13/8 (in the legend, from top to bottom).
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Table 5. Conversion of methanol in the ﬁrst and second cycle of catalytic testing.
Sample

T, K

Conversion, %

Conversion, % (second cycle)

ZnNi31/4
ZnNi11/4
ZnNi13/4
ZnNi31/8
ZnNi11/8
ZnNi13/8

679
656
627
636
611
630

51
39
54
58
45
86

69
68
92
52
94
94

The highest conversion observed is for 8 h milled
samples. The activity of the samples prepared at 4 h
milling time (ZnNi31/4, ZnNi11/4, and ZnNi13/4) is
lower but increases with the increase of Ni (II) content. The increase of the milling time of the samples
facilitates their catalytic activity and CO selectivity
and the effect is most pronounced for the samples with
higher Ni (II) content.
For all the materials tested, the methanol decomposition started at above 600 K and about 95–100%
conversion was achieved at 625–630 K for ZnNi11/8
and ZnNi13/8 (samples with the lowest initial reduction temperature, 530 and 520 K, respectively, Figure 6). This suggests that the products of the reduction
play a role in the process of methanol conversion. At
above 700 K conversion between 80 and 100% is
reached for the other samples. In all cases, high
selectivity to CO (70–100%) is observed, and CO2 and
CH4 are the only carbon-containing by-products
detected. The best catalytic activity is observed for the
samples with the highest Ni(II) content (ZnNi13/4,
ZnNi13/8), which corresponds well with their high
reducibility and low initial reduction temperature
(Figure 6).
The conversion was normalized by the speciﬁc
surface area of the samples and the speciﬁc activity
was calculated (Figure S3, Supplementary Information). The tendency for the conversion presented in
Figure 7 is preserved for the speciﬁc activity for the
ferrites prepared at 4 h milling time. On the contrary,
samples prepared at 8 h milling time do not show
similarity in the conversion (Figure 7) and in the
speciﬁc activity (Figure S3). Considering the very low
values for the speciﬁc surface area, they are likely to
have a large error margin (Table 3). As a consequence,
the speciﬁc activity will also have a large error, and
comparison of the values may be misleading. That is
why the speciﬁc activity is included in the supplementary information ﬁle (Figure S3, Supplementary
Information).
An increase of the conversion and similar activity
after the second catalytic cycle is observed for all the

samples, probably due to phase changes of the catalyst
during the ﬁrst cycle (Table 5). ZnNi11/8 and ZnNi13/
8 show the highest activity, followed by ZnNi13/4,
having Zn/Ni ratio 1/1 and 1/3. In the literature, an
optimal ratio of Zn/Ni = 1 for methanol conversion
by ZnxNi1-xFe2O4 ferrite synthesized by precipitation/calcination is reported.56
Considering the role of the iron oxide (Table 2) we
compare the samples ZnNi13/4 and ZnNi13/8. They
have the same Zn/Ni ratio, both have a higher content
of iron oxide than the other samples, and their catalytic
activity is the highest among 4 h and 8 h milled
samples, respectively, both in the ﬁrst and the second
cycle of testing. But the activity of these two samples
is compared for the ﬁrst cycle only, then ZnNi13/8
with the lower iron oxide exhibits much better conversion. The presence of iron oxide thus appears not to
be essential in this case. For the second cycle, their
conversion activity is the same and equal to that of
ZnNi11/8 with the lowest content of iron oxide.
After the catalytic tests, a strong agglomeration is
observed in the SEM images, which can be easily
noticed for the samples ZnNi31/4 (Figure 8 a) and
ZnNi13/8 (Figure 8 b) at different magniﬁcations.
The XRD patterns of the spent catalysts after the
methanol degradation process, as well as the samples
after TG/DTG (in hydrogen), show changes due to
their exposure to the high temperature and the highly
reducing atmosphere in the reaction chamber (Figures S4 and S5, respectively). The phase composition
of the samples after the catalytic experiment shows
that the catalysts undergo reduction (Table 6) but none
of them undergoes full reduction.
The Fe and Ni- containing phases are reduced to
metals but the samples still contain a ZnO oxide
phase as well. This could be due to the stability of
ZnO against the reduction.50 The XRD patterns of
the samples after TG/DTG in reducing atmosphere
show a more complete reduction of the catalysts,
with ZnNi31/4 and ZnNi13/4 being the only samples
containing ferrite. Fe-Ni alloy formation also reported in49,56 is found both after the catalytic test and

24

Page 12 of 15

J. Chem. Sci. (2021)133:24

Figure 8. SEM micrographs of the sample ZnNi31/4 (a) and ZnNi13/8 (b) after the catalytic test.

Table 6. Phase composition based on XRD of the samples after the catalytic test and after the TG/DTG (reducing
atmosphere).
Sample
Phase composition

After catalytic
test

After
TG/DTG

ZnNi11/4

ZnNi11/4

ZnNi31/4

ZnNi13/8

ZnNi11/8

ZnNi31/8

ZnO
Fe
NiO
FeNi
Ferrite
ZnO
Fe
FeNi
Ferrite

ZnO
Fe
NiO
Ferrite

ZnO
Fe
Ferrite

ZnO
FeNi
Ferrite
Fe

ZnO
FeNi
Fe

ZnO
FeNi

Fe
FeNi
FeNi
NiZn

Fe
FeNi

ZnO
Fe
FeNi

FeNi

FeNi

after TG/DTG analysis in reducing atmosphere. The
phases found in XRD cannot be distinguished among
the particles observed in the SEM micrographs
(Figure 8, Figure S1). It is quite likely that they
inﬂuence the catalytic activity of the samples.
According56 the ﬁnal catalytic behavior of the samples depends on the composition of their current
phase; the later one is determined by the initial
distribution of the ions in the spinel lattice as well
as by the reduction reaction medium. In our previous
study, a synergistic effect between the metallic phase
and ZnO in methanol decomposition to syngas was
illustrated.57 Here, the increase in the catalytic
activity during the second cycle (Table 5) is in
agreement with this suggestion. The products of
catalyst decomposition may play a role for the second cycle but the ratio Zn/Ni is kept the same as in
the initial ferrite.

4. Conclusions
The phase homogeneity of the mixed metal oxides of
the type Zn1-xNixFe2O4 (x = 0.25; 0.5; 0.75)
obtained by a combination of thermal synthesis and
mechanoactivation was demonstrated by several
physical methods such as XRD, Mössbauer-, IR- and
Raman spectroscopy. The formation of Zn0.75Ni0.25Fe2O4 by a combination of solid state reaction at 900
°C and high energy ball-milling for 8 h was demonstrated by all the physicochemical methods used for
characterization (XRD, Mössbauer, Raman and IR
spectroscopy).
The catalytic activity of the ferrites with nominal
stoichiometry Zn1-xNixFe2O4 was tested. It was
observed that an increase of Ni(II) content leads to an
improved activity of the samples both for methanol
decomposition and for malachite green degradation
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under UV light in model water solutions. The samples
changed after the catalytic test in reducing atmosphere, forming a mixture of FeNi alloy, metallic iron,
and ZnO, which means the composition of the current
phase of the catalysts in the reaction medium should
be taken into account. The reduction improved the
activity when tested in a second cycle, where a
methanol conversion of 94% was reached.
The ﬁltrates after photocatalytic test showed very
low concentrations of Zn(II) and no detectable Ni(II)
and Fe(II), which demonstrates the stability of the
photocatalysts in the pH interval 5.8–6.5 and that no
heavy metals will leach into nature when applied for
large scale wastewater treatment.
The TG/DTA results for the ferrite decomposition
along with the XRD data for the spent catalysts are
connected with the question about the stability of ZnNi ferrites as well as the active chemical form of the
catalysts. Although the chemical form is changed
during the ﬁrst cycle of catalytic testing, the ratio Zn/
Ni is kept as in the initial form. This is in agreement
with the statement that the difference in the catalytic
activity is due to the different Zn/Ni content and their
ratio.
Supplementary Information (SI)
Figures S1-S5 are available at https://www.ias.ac.in/
chemsci.
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