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Abstract

In this work, we have investigated the structural and catalytic properties of Co, Cu and Ni spinel ferrites. Nanostructured ferrites with particle
diameters varying from 3 to 10 nm were obtained by the co-precipitation process. X-ray diffraction, X-ray fluorescence, X-ray photoelectron
spectroscopy and Mdssbauer spectroscopy were used for chemical and structural characterization. The catalytic efficiency of the samples was
evaluated by the decomposition of hydrogen peroxide and by the oxidation of methylene blue, monitored via UV—vis spectrophotometry. We
observed that the presence of cobalt ions is a crucial factor required to achieve a systematic efficiency of the catalyst in the H,O, decomposition. In
contrast, Cu ferrites presented the better performance in methylene blue oxidation, which can be attributed to the different redox properties of Cu
and the easier availability of electrons to participate in the oxidation of organic compounds.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Iron oxides have well-established catalytic properties for
many reactions such as decomposition of alcohols, selective
oxidation of carbon monoxide, decomposition of hydrogen
peroxide and discoloration of synthetic dyes, and have been
extensively studied for environmental applications [1-6]. Cubic
ferrites have spinel structure with the general formula
M?"Fe,®*0,, where M?* is a divalent metallic ion such as
Fe?* Ni**, Cu®*,Zn**, Co®*. The spinel configuration is based on
a face centered cubic lattice of oxygen ions, forming tetrahedral
(A) and octahedral [B] coordination sites that may be occupied
either by M** and/or Fe** ions. Also, mixed ferrites can be
produced, in the sense that part of the M** can be isomorphically
substituted and final formula may contain mixed divalent ions
(MY | _(M**)" (Fe®*),0,, allowing it possible to obtain a wide
range of spinel ferrites with variable compositions [7,8]. The
catalytic properties of spinels containing transition metal ions are

* Corresponding author. Tel.: +55 31 3069 3196; fax: +55 31 3069 3390.
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dependent on the redox properties of substituting ions and on their
distribution among the octahedral and tetrahedral coordination
sites. The surface of spinel oxide powders contains mainly
octahedral sites and, consequently, its catalytic activity is
crucially related to the octahedral cations [9-11]. In addition
to the chemical modifications, physical modifications of spinel
ferrites, such as the decrease of the particle size by milling or by
selecting a particular route of synthesis, have been reported to
increase the catalytic performance of these materials [12]. The
preparation of nanopowder ferrites with controlled chemical
structure, crystallite size and crystallite size distribution, can be
obtained from the co-precipitation method described in a
previous publication [13].

In this work, we investigate the chemical and structural
properties of pure Co-, Cu- and Ni-spinel ferrites and along with
mixed (Co, Cu)-, (Cu, Ni)- and (Co, Ni)-spinel ferrites obtained
by the coprecipitation method, and the catalytic activity of these
materials on the oxidation an organic probe molecule, namely
methylene blue. The chemical and structural characterizations
of the ferrites powder were made with X-ray diffraction (XRD),
X-ray fluorescence (XRF), Mossbauer spectroscopy (MS)
and X-ray photoelectron spectroscopy (XPS). The catalytic
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efficiency of the samples was evaluated by both, the decom-
position of H,O, and the oxidation of methylene blue in aqueous
medium.

2. Experimental

The ferrite samples were synthesized by the co-precipitation
method using Fe, Cu, Co and Ni nitrates (Synth) dissolved in
given stoichiometric proportions in deionized water to obtain
the corresponding ferrites CoFe,O4, CuFe,0,4, NiFe,0y,
COO'SCUO'5F6204, C00'5N10_5F6204, and Cu0'5N10'5F6204. After
stirring, it was added the nitrates solution on a solution
containing precipitating agent NaOH (3.5 M). The resulting
precipitate was filtered, washed with deionized water and
acetone, and dried at 70 °C for 24 h. The powder so obtained
was submitted to thermal annealing at 400 °C during 2 h, in air.
The ferrite samples were characterized by X-ray diffraction
using a Geigerflex Rigaku diffractometer (Cu Ko radiation), X-
ray fluorescence (Shimadzu EDX-720) and Transmission STge
Mossbauer measurements, done at 25 K, on a constant
acceleration estimate with a >’Co/Rh source. The Normos
least-square fitting package was used in order to estimate the
hyperfine parameters. XPS analysis was conducted with a non-
monochromatic Mg Ko X-ray source (hv = 1253.6 eV) and a
hemispherical concentric analyzer (CLAM2 — VG Microtech).
The binding energies were corrected through C (1s) reference
peak at 284.6 eV. The H,O, (30%, v/v, Synth) decomposition
was carried out using a 7 mL H,O, solution (2.9 mol L") and
30 mg of ferrite, monitoring the resulting O, in a volumetric
glass system [12]. In order to study the oxidation of methylene
blue (2.0 ml of a solution 0.1 g LY, 2 mL of H,O, and 30 mg
of nanopowder ferrite were added to the aqueous solution,
under stirring. The oxidation reaction was monitored via UV—
vis measurements at A = 665 nm (Shimadzu-UV-1601 PC). The
solution of hydrogen peroxide was added only after the first
absorbance measurement was made. The efficiency of the
catalysts was evaluated through the oxidation (discoloration)
kinetics of methylene blue.

3. Results and discussion
3.1. Characterization of the ferrites

The X-ray diffraction patterns for Co-, Cu-, Ni-, (CoCu)-,
(CuNi)- and (CoNi)-ferrites suggested the presence of cubic
spinel phases, as indicated by the (1 11), (220), (311),
(222),(400),(422),(511)and (4 4 0) reflection peaks. The
position and relative intensity of all diffraction peaks for these
samples, shown in Fig. 1, are in close agreement with the
standard diffraction data (JCPDS card no. 22-1086, 03-0875
and 25-0283, for cobalt, nickel and copper ferrite, respectively)
and previous reports [14—17]. The broad width of the peaks is
indicative of low crystallinity and the strong nanostructural
dimensions of the samples.

The crystallite sizes, which vary from 3 to 10 nm (Table 1),
were calculated from the X-ray peak broadening of (31 1)
diffraction peak using the Scherrer equation. The unit cell
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Fig. 1. X-ray diffraction patterns of the different nanosized spinel ferrites.

parameters, estimated by using interplanar spacing, for these
cubic nanoparticles ferrites vary from 8.28 to 8.34 A, while that
presented in JCPDS cards for corresponding well crystallized
cubic ferrites vary from 8.34 to 8.40 A. The smaller a values
observed for our samples can be associated to their low
crystalline quality and similar results were reported for
nanostructured ferrites [18-20]. X-ray fluorescence indicated
the following spinel ferrites composition: CoggsFe; 0504,
Cug.94Fe2.0604, Nij gsFe;.9504, Cog 35Cug 67F€1.9804, Cog 46N-
i0.64F€1.0004, and Cug 40Nig soFe2.1004.

Mossbauer spectra obtained at 25 K for all the ferrospinels
samples, that are shown in Fig. 2, were fitted with two sextets,
corresponding to Fe®™ jons located in tetrahedral (A) and
octahedral [B] sites [21,22]. The distribution of cations in this
type of structure may be described as (M,Fe;_)[M;_,.
Fe,,,]O,4, being x the inversion parameter, whose value is
among 0-1, for normal and inverse spinel respectively [8,14].
The resulting Mossbauer parameters are presented in the Table
1, which gives values of isomer shift relative to a-Fe (8),
quadrupole splitting (§), magnetic hyperfine field (BHF), and
proportional area corresponding to Fe** ions in percentage, in
tetrahedral sites (A) and in octahedral sites [B]. The higher
value of hyperfine fields was assigned to the Fe>™ in octahedral
sites whereas the lower value was related to Fe** in tetrahedral
sites. The hyperfine values obtained are coherent with the
literature for spinel Co-, Cu- and Ni-ferrites [14,21] and with
the X-ray diffraction results. The relative concentration of Fe
atoms at A and B sites were obtained from the relative area of
the Mossbauer subspectra. The resulting ratio, area (A)/area
[B], indicates that these ferrites are not completely inverse and
nickel, cobalt and copper ions occupy partially the tetrahedral
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Table 1

Crystallite sizes (D) and Mossbauer parameters obtained for different spinel ferrites, at 25 K. §: Isomer shift (relative to a-Fe); &: quadrupole splitting; Byr: magnetic

hyperfine field; A: tetrahedral sites; B: octahedral sites.

Sample D (+1) (nm) Site § (£0.05) mm/s £ (£0.05) mm/s Byr (£0.5) Area (%)
Tesla
Co-ferrite 4 A 0.41 —0.04 48.7 55
B 0.45 0.03 51.7 45
Cu-ferrite 10 A 0.40 —0.02 49.6 63
B 0.47 0.02 52.6 37
Ni-ferrite 9 A 0.38 —0.01 50.3 64
B 0.48 —0.01 54.1 36
(CoNi)-ferrite 4 A 0.40 0.00 49.0 64
B 0.47 0.03 52.7 36
(CuNi)-ferrite 3 A 0.42 0.01 48.3 63
B 0.47 0.02 52.2 37
(CoCu)-ferrite 8 A 0.39 -0.02 50.1 61
B 0.38 0.02 53.4 39

sites, as usually found in nanostructured ferrites [14,23]. At
room temperature, the samples presented superparamagnetic
relaxation, as indicated by the collapse of the sixth line of the
ferrimagnetic Mdossbauer spectrum, due to the nanostructural
nature of the material.

XPS was used to distinguish the oxidation state of the
cations present on the surfaces. However, the analyses of Fe 2p
spectra are relatively complex for ferrites. The bivalent Fe 2p;,
peak at 709.5 eV and the trivalent Fe 2p3,, peak at 711.2 eV are
respectively associated to satellite peaks at 715.5eV and
719.0 eV [24-28]. In the case of our samples the observed Fe
2p3/» peaks with binding energies (BE) between 710.7 eV and
711.2 eV, and the associated satellite at around 718.5eV
(Fig. 3), confirm the predominance of Fe** on the ferrites
surface. The observed BE shifts (up to 0.5 eV) can be attributed

Transmission %

-4 0 4
Velocity (mm/s))

Fig. 2. Mossbauer spectra of the different ferrites at 25 K: Co-ferrite (a), Cu-
ferrite (b), Ni-ferrite (c), (CoNi)-ferrite (d), (CuNi)-ferrite (e), (CoCu)-ferrite (f).

to the different surroundings of the Fe>* ions in the A and B
sites within the ferrite structure. Moreover, the low intensity of
the satellite peak could be due to a small fraction of Fe** present
on the surface of the samples. The Ni 2p;3, peaks observed
between 854.2 eV and 854.6 eV confirm the presence of only
Ni** on the surface [24-29].

The Co 2p and Cu 2p peaks are displayed in Fig. 4. The Co
2p peak suggests the presence of Co®* and Co™* on the surfaces
of the ferrites. The analysis takes into account the characteristic
Co 2p3/, binding energies and the intensity differences between

Fe 2p,,

. Fe 2pm

Normalized Intensity

730 720 710 700
Binding Energy (eV)

Fig. 3. XPS spectra of the Fe 2p of the spinel ferrites.
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Fig. 4. Co 2p (a) and Cu 2p (b) detailed XP spectra of the spinel ferrites.

the Co 2p;,; and its satellite peaks (Fig. 4a). The (CoCu)- and
(CoNi)-ferrites exhibit a high intensity satellite peak, a feature
associated to Co>* [26,30-34]. In the case of Co-ferrite, the low
intensity satellite peak at 786.0 eV indicates the presence of
Co’* and Co®* [31-33]. Copper seems to be present also in two
oxidation states at the surface of the ferrites. The Cu 2p;/, peak
centered at 932.4 eV is typical from Cu* and a shake-up
satellite situated at 942.0 eV is indicative of the presence of
cu*t [25,26,31]. The relatively low intensity of the satellite
peaks and the binding energies observed in all spectra of Cu
2ps/» (Fig. 4b) indicate the presence of Cu* and Cu* on the

surface of the Cu-containing samples. Our XPS results are
summarized in Table 2.

3.2. Hydrogen peroxide decomposition

These ferrite samples were used as heterogeneous catalysts
to promote the hydrogen peroxide decomposition.

H,0, — H,0 + 0.50, (D

The hydrogen peroxide decomposition is a versatile probe
reaction used to investigate the activity of heterogeneous

Table 2

Summarized data of binding energies for the main XPS peaks.

Sample Fe 2psp» Satellite Ni 2psp» Satellite Co 2ps2 Satellite Cu 2p;,, Satellite
Binding energy/eV

Co-ferrite 710.7 718.0 - - 780.0 786.0 - -

Cu-ferrite 710.8 718.0 - - - - 932.0 9423

Ni-ferrite 710.6 718.7 8544 860.8 - - - -

(CoCu)-ferrite 711.1 718.6 - - 780.2 785.5 932.4 942.0

(NiCu)-ferrite 710.8 718.2 854.2 860.7 - - 932.4 942.0

(CoNi)-ferrite 710.8 717.5 854.6 861.1 780.1 785.1 - -
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Fig. 5. Hydrogen peroxide decomposition in the presence of different spinel
ferrites.

systems towards the Fenton chemistry [35,36]. Results obtained
from peroxide decomposition with different ferrites are shown
in Fig. 5.

The decomposition plots exhibit a linear behavior. Similar
kinetic behavior has been observed before for other ferrites, e.g.
[36,37]. Based on this, it can be said that the reaction has a pseudo
zeroth order dependence on the H,O, concentration, V.. = k-
dec[H20,1°. Hence, the reaction rates can be estimated from the
linear fit of the decomposition plots. The ferrites which contain
Co, i.e., Co-, (CoCu)- and (CoNi)-ferrites, show very high
activity, with constant reaction rates of 0.48, 0.52 and
0.72 mmol min~', respectively, and therefore the peroxide is
totally consumed after 2 min of reaction. It is well established in
the literature that Co®* plays an important role in the hydrogen
peroxide decomposition [4]. The small difference in the activity
of the Co-ferrite compared to that of (CoCu)- and (CoNi)-ferrites
may be due to the presence of higher concentration of Co** on the
Co-ferrite surface, as shown by XPS.

The Ni ferrite exhibits low activity in the decomposition of
hydrogen peroxide with constant rate of 0.07 mmol min .
However the presence of Cu in the Ni-ferrite increases the
constant rate to 0.10 mmol min~' and the Cu-ferrite showed a
reaction rate of 0.18 mmol min~'. This activity of Cu-
containing ferrites can be explained by the presence of the
redox pair Cu*/Cu®* at the surface [2,10].

3.3. Oxidation of methylene blue

Oxidation studies were carried out with dye methylene blue
and H,0, as oxidized agent. The oxidation of the methylene
blue was monitored by discoloration, which is related to the first
oxidation steps to produce non-colored intermediates according
to Eq. (2):

DiscolorationDye + H,O, — non-coloredintermediates  (2)

Mineralizationintermediates + H,0, — CO,/H,0 3)
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Fig. 6. Methylene blue oxidation in the presence the different spinel ferrites.

The discoloration activities obtained by different ferrites
are shown in Fig. 6. From this figure, it is possible to observe
that under the conditions employed no significant discoloration
was produced by nickel ferrite with constant rate of
8 x 10 min~'. It was also observed an increase in the
discoloration activity with the presence of Co in the ferrite
structure of (NiCo)-ferrite and Co-ferrite, with constant rate of
5and 6 x 107 minfl, respectively. However, when Cu is
introduced in the structure of the spinel to form Cu-, (CuNi)-
and (CoCu)-ferrite, the constant rate of discoloration increases
respectively to 1.6, 2.4 and 2.7 x 107> min~". It was possible
to observe a discoloration of 50% in 180 min of reaction in the
case of (CoCu)-ferrite. This behavior could be related to the
presence of Cu, since Cu changes significantly the electronic
structure of the ferrite [11], increasing the electron availability
and therefore the oxidation of the organic compounds. These
results suggest distinct redox properties of Cu in both reactions
with H,O,, decomposition and oxidation of organics, especially
in the case of (CoCu)-ferrite.

3.4. The reaction mechanism

The hydrogen peroxide decomposition has been proposed in
the literature [38] to take place by the formation of radicals from
H,0, that decompose with partially reduced surface species, for
example, Fe?*, according to the Haber—Weiss mechanism:

Fe’ gt + Hy0, — Fe’ s +*OH + OH™ (4)

The HO® radicals can react by two competitive pathways: (i)
with H,O, to produce the peroxide radical HOO® which reacts
with Fe** surface species to produce O, (Egs. (5) and (6)), and
(ii) with organic molecules, e.g. methylene blue, in an oxidation
process.

H,0, + *OH — H,0 + *00H (5)

Fea+surf +°O0OH — 1'_"62-~—surf + H* +0, (6)
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Our results show that Ni ferrites presented no activity for both
reactions, peroxide decomposition and oxidation of methylene
blue. On the other hand, when Ni is substituted in the ferrite
structure by Co and Cu it is observed an increase in the activity
of peroxide decomposition and methylene blue oxidation.

Although the effect of these metals is not clear, several
points can be raised in order to discuss their role in the reaction.
Regarding nickel, it can be considered that only the Ni**
species are stable, and for this reason they cannot initiate the
radicalar reaction according to Eq. (4). On the other hand,
cobalt and copper exhibit the redox pairs Co**/Co** and Cu"/
Cu** which can also produce radicals according to reactions (7)
and (8):

C02+surf + H202 - C03+surf + OH7 + .OH (7)

Cu+surf + H202 - Cu2+surf +OH™ + *OH (8)

In addition, if M3+, present in the ferrite, is reduced during
the decomposition of hydrogen peroxide as shown in Eq. (6)
there is the possibility to regenerate the Co**, Cu* and, even
Fe?*, as shown by XPS analyses, which can make the process
catalytic.

However, in the Fenton reaction with copper, the complex
formed between H,0O, and the Cu is very stable compared to
Fenton reactions with iron or cobalt. So, the activated species in
the reaction with copper can be *OH or Cu®* and the reaction can
be 3 times faster [39]. For this reason, the reaction with Cu ferrites
can favor the HO, decomposition to form O, in the competitive
reaction compared to the oxidation of organic reactions.

4. Conclusions

Nanostructured spinel ferrites were synthesized via co-
precipitation method and characterized with several techniques
in order to know the structural aspects of the samples, and
aiming to employ these materials as catalysts in the oxidation of
synthetic dyes, e.g. methylene blue. The performance of the
ferrites is understood considering the oxidation states of the
elements at the surface of the ferrites. We observed that the
presence of cobalt ions is crucial for a systematic efficiency of
the catalyst in H,O, decomposition. In contrast, the Cu-
containing ferrites presented the better performance in
methylene blue oxidation, which can be attributed to the
different redox properties of Cu and the easy availability of
electrons to participate in the oxidation of organic compounds.
The studied ferrites are a promising potential candidate for the
development of new materials to be used in larger scales
oxidation processes involving organic substrates.
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