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Mossbauer study of Cuy_xZnsFe; 04 catalytic materials
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Abstract Copper zinc ferrites (Cuj_xZnsFe;O4) with different composition (x = 1;
0.2; 0.5; 0.8) were prepared by conventional thermal method. Formation of well crystal-
lized ferrite phase with cubic structure and crystallites size of about 19.08-24.39 nm was
observed by Powder X-ray diffraction and Mdossbauer spectroscopy. The ferrite materials
were tested as catalysts in methanol decomposition to CO and H,. A strong dependence
of the catalytic behaviour of Cuj_xZnxFe;Oy4 ferrites of their composition and the phase
transformations which occurred under the reaction medium was established.
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1 Introduction

The Mossbauer effect is one of the most interesting phenomena of physics with broad the-
oretical and practical applications. It depends on the chemical and intermolecular bonds
involving the nucleus, which becomes a tool for the study of crystalline and amorphous
compounds [1]. 3’Fe Massbauer spectroscopy studies have been widely used in different
field of scientific investigations because it is useful and sensitive technique for analysis of
the Fe-bearing phases such as magnetic materials, biological, astrobiology, minerals [2—
5]. The hyperfine parameters such as isomer shift, quadruple split, magnetic field provide
information about magnetic behavior, cation distribution and oxidation state of iron ions.
The spinel ferrites are denoted with general formula AB,O4 The distribution of metal
ions in crystal lattice determines ferrites as normal, inverse and partial inverse ones. It was
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Fig. 1 X-ray analysis of the investigated samples

established that the position and the oxidative state of the cations influence their structural,
magnetic, electrical, catalytic and chemical properties [6—11]. In the ZnFe,O4 ferrite the
tetrahedral (A) sites are occupied by only one type of cations. This is because of the pref-
erences of Zn>* to occupy the tetrahedral spinel sites forming normal spinel, while Cu?*
occupies mainly the octahedral [B] sites, and thus, the tetrahedral sites are occupied by half
of Fe3* and CuFe,O4 describes as fully inverse spinel. In the case of Cuj_,ZnsFe;04,
where 0 < x < 1, the tetrahedral sites are occupied both by Zn2* and Fe?* cations and
this spinel structure are denoted as partially inverse.

The aim of present work is to prepare nanocrystalline ferrites with different chemical
compositions Cuj_xZnxFe,04 (x = 0.2, 0.5, 0.8, 1) and to study their catalytic behaviour
in methanol decomposition to CO and hydrogen. The cations distribution in ferrites and the
phase transformations under the reaction medium were also in the focus of the study.

2 Experimental
2.1 Synthesis

Cu;_xZnkFe,Oy4 ferrite materials (x = 0.2, 0.5, 0.8 or 1.0) were prepared by coprecipita-
tion method according to the procedure described in [12]. The solution of Zn(NOs3),.6H,0,
Fe(NO3)3.9H>0 and Cu(NOs3),.3H,O was precipitated with dropwise addition of 1 M
NayCOs3 up to pH = 9 and continuous stirring. The obtained precipitate was washed with
distilled water, dried at room temperature and treated at 773 K for 4 hours.
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Table 1 Average crystallites size (D), degree of microstrain (e) and lattice parameters determined from XRD
patterns of CuxZnj_xFe;O4

Sample Phase D, nm ex10? a, A
ZnFe;0y4 Fd3m(227)-cubic 19.08 1.228 8.43
Cug2Zng gFer 04 Fd3m(227)-cubic 19.81 1.077 8.42
Cu ¢.5Zng 5Fe;0y4 Fd3m(227)-cubic 21.79 2.797 8.41
Cu ¢ 8Zng2Fer04 Fd3m(227)-cubic 24.39 1.764 8.38
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Fig. 2 Mossbauer spectra of Cuj_xZnyFe;Oy4

2.2 Methods of characterization

The powder X-Ray Diffraction (XRD) patterns were recorded by use of a TUR M62 diffrac-
tometer with Co Ko radiation. The average crystallites size (D), the degree of microstrain (e)
and the lattice parameters (a) of the studied ferrites were determined from the experimental
XRD profiles by using the PowderCell—2.4 software [13]. The instrumental broadening of
diffraction peaks is equal to 0.020° Bragg angle. It was determined by Al standard and was
excluded at calculation of crystallites size and the degree of microstrain. The Mdossbauer
spectra were obtained at room temperature (RT) and liquid nitrogen temperature (LNT) with
a Wissel (Wissenschaftliche Elektronik GmbH, Germany) electromechanical spectrometer
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Table 2 Parameters of Mossbauer spectra of CuxZnj_xFeyO4

K. Koleva et al.

Sample Components §, mm/s A, mm/s B, T Cexp, mm/s G, %
ZnFe;04 Db 0.35 0.42 - 0.41 100
Cug2Zng gFe,04 Db 0.35 0.46 - 0.43 100
Cug.5Zng 5Fe;04 Sx1-tetra, A 0.27 0.46 32.0 0.91 25
Sx2-octa, B1 (0.09) 0.37 0.00 34.6 0.75 15
Sx3-octa, B2 (0.23) 0.37 0.00 28.5 0.77 18
Sx4-octa, B3 (0.31) 0.37 0.00 23.7 0.60 10
Sx5-octa, B4 (0.23) 0.37 0.00 18.7 1.02 24
Sx6-octa, B5 (0.09) 0.37 0.00 5.6 0.75 15
Db 0.34 1.17 - 0.35 3
Cug.8ZngFe,04 Sx1-tetra, A 0.27 0.00 46.0 0.35 25
Sx2-octa, B0 (0.26) 0.37 0.00 48.0 0.39 17
Sx3-octa, B1 (0.39) 0.37 0.00 45.0 0.65 34
Sx4-octa, B2 (0.25) 0.37 0.00 43.2 0.38 12
Sx5-octa, B3 (0.08) 0.37 0.00 39.5 0.49 10
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Fig. 3 Mossbauer spectrum of Cug 5Zng sFe;O4 sample at LNT

working in a constant acceleration mode. 57Co/Rh (activity = 50 mCi) source and a—Fe
standard were used. The experimentally obtained spectra were fitted using CONFIT2000
software [14]. The parameters of hyperfine interaction such as isomer shift (§), quadrupole
splitting (A), effective internal magnetic field (B), line widths (I'exp), and relative weight
(G) of the partial components in the spectra were determined.
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Table 3 Parameters of Mossbauer spectrum of Cug sZng 5Fe;O4 sample at LNT

Sample Components §, mm/s A, mm/s B, T Lexp, mm/s G, %
Cug.sZng sFe;04 Sx1-tetra, A 0.39 0.00 46.61 0.66 31
Sx2-octa, B1 (0.09) 0.47 0.00 49.79 0.33 4
Sx3-octa, B2 (0.23) 0.47 0.00 48.39 0.49 13
Sx4-octa, B3 (0.31) 0.47 0.00 43.30 1.02 28
Sx5-octa, B4 (0.23) 0.47 0.00 37.45 0.79 6
Sx6-octa, B5 (0.09) 0.47 0.00 25.63 1.00 18
a b
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Fig.4 Methanol conversion (a) and CO selectivity (b) vs. temperature for various Cuj_xZnxFe,O4 materials

2.3 Catalytic experiments

Methanol decomposition was carried out in a flow reactor at methanol partial pressure of
1.57 kPa and argon as a carrier gas (50 ml/min). The catalysts (0.055 g of catalyst) were
tested under temperature-programmed regime within the range of 350-770 K and heating
rate of 1 K/min. On-line gas chromatographic analyses were performed on a PLOT Q col-
umn using flame ionization and thermo-conductivity detectors. Absolute calibration method
and a carbon based material balance were used for the calculation of conversion and the
yields of the obtained products. The products selectivity was calculated as Y;/X*100, where
Y; is the current yield of the product i and X is methanol conversion.

3 Results and discussion

The XRD data for the obtained Cu;_xZnxFe,O4 ferrites are presented in Fig. 1. All diffrac-
tion patterns revealed formation of well crystallized structure of cubic spinel phase at
temperature used, which is in a good agreement with Thermogravimetry — Differential
Thermal Analysis (TG-DTA) of hydroxide carbonate precursor of Cug 5ZngsFe;O4 pre-
sented in [15]. The endothermal effect in low temperature accompanied with a weight loss
and exothermal effect without weight loss are established from TG-DTA analysis. The

@ Springer



K. Koleva et al.

Relative transmission, a.u.

o8 t+——"1T+—7r—"—717—"—T"—T"—"T"—""T"—"T"7
0 -8 6 4 2 0 2 4 6 8 10

Velocity, mm/s

Fig. 5 Mossbauer spectra of samples after catalytic test

endothermal effect could be assigned to dehydratation and decarbonisation of the hydrox-
ide carbonate precursor. The appearance of exothermal effect with maximum at 795 K
is referred to formation of Cu-Zn ferrite phase. The average crystallites size (D), degree
of microstrain (e) and lattice parameters determined from XRD patterns are shown in
Table 1. A well defined tendency for crystalline size increase from 19.08 nm to 24.39 nm
with a simultaneous decrease of lattice constant in a range of 8.43-8.38 A is observed for
Cu;_xZnxFe, 04 ferrites when x decreases from 1 to 0.2. The influence of crystalline size
by chemical composition has been observed by other authors [16].

Room temperature Mossbauer spectra and parameters of hyperfine interactions as iso-
mer shift, quadruple splitting and magnetic hyperfine field of the investigated samples are
presented in Fig. 2 and Table 2, respectively. Mossbauer spectrum of pure ZnFe,O4 con-
sists of doublet corresponding to paramagnetic behaviour of zinc ferrite where all amount of
Fe3Tions are located in B site of unit cell, while Zn®* ions strongly prefer A site position,
determining zinc ferrite as a normal spinel. The Mossbauer parameters show no significant
difference of magnetic structure when x = 0.8 and existence of paramagnetic phase was
also observed. Mossbauer spectra exhibit sextet magnetic components with copper content
increase in samples Cug 5Zng 5Fe;O4 and Cug gZng 2Fe204. In this case acceptable fitting
of the experimental data could be obtained when the [B]-site pattern is assumed as superpo-
sition of more than one sextet. The binomial formula is used as a contrivance to calculated
probability P(n, x) of an octahedral site having n nearest-neighbor zinc atoms in order to
define the number of sextet components that have to use in the fitting model. Here the
Maossbauer spectra are fitted with one sextet referred to tetrahedral coordination of Fe3*
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Table 4 Parameters of Mossbauer spectra of Cuj_xZnxFe,O4 after catalytic reaction of methanol
decomposition

Sample Components §,mm/s A,mm/s B,T Cexp, mm/s G, %
ZnFe;04-MD M-Sx1, Fez_xMexO4  0.30 - 47.2 0.39 12
M-Sx2, Fez_xMexOs4  0.59 - 43.2 0.88 30
C-Sx1, x-FesC; 0.30 0.10 21.0 0.36 18
C-Sx2, x-FesCy 0.23 0.00 19.3 0.57 20
C-Sx3, x-FesC; 0.17 0.02 11.5 0.38 7
Db, ZnFe;04 0.36 0.35 - - 13
Cup2Zngg Fep04-MD  C-Sx1, x-FesC; 0.26 0.10 21.5 0.37 31
C-Sx2, x-FesC; 0.21 0.01 18.73  0.51 47
C-Sx3, x-FesC; 0.20 0.01 11.3 0.43 22
Cugs5Zngs Fe04-MD  M-Sx1, Fe3_yMesOs4  0.26 —0.00 48.4 0.28 8
M-Sx2, Fe3_,Me,O4  0.66 —0.03 44.8 0.75 17
C-Sx1, x-FesC, 0.21 0.05 21.0 0.37 52
C-Sx2, x-FesC, 0.20 —0.00 19.0 0.38 19
C-Sx3, x-FesC, 0.18 0.00 10.0 0.27 3
CuggZngo FeoO4-MD  M-Sx1, Fez_xMexOs  0.29 —0.01 46.8 0.42 14
M-Sx2, Fe3_xMexO4  0.57 —0.01 42.0 1.11 40
C-Sx1, x-FesC; 0.25 0.06 21.6 0.52 22
C-Sx2, x-FesC; 0.18 0.03 18.4 0.48 19
C-Sx3, x-FesCy 0.19 0.01 10.4 0.41 5

ions [A]-site and five sextets for x = 0.5 and four sextet for x = 0.2 with parameters of Fe3t
ions in octahedral position [B]-site of unit cell. The existence of number of sextet compo-
nents with different hyperfine field can be explained with random occupancy of tetrahedral
positions of spinel lattice by Fe3* and diamagnetic Zn>*ions, which results in existence of
different (A) site nearest neighbors of [B]-site Fe3ti.e. 6Fe, 5Fe and 1Zn, 4Fe and 2Zn and
etc. (A)-site neighbors (corresponding sextet components are shown in Table 2, as B0, B1,
B2 and etc., followed by calculated probability in parenthesis).

Mossbauer spectrum of sample Cug 5Zng 5Fe;O4 was collected in temperature of liquid
nitrogen and the parameters of hyperfine interaction were estimated (Fig. 3 and Table 3).
In low temperature spectrum, there is no effect of relaxation and well defined sextet
components have been observed.

Temperature dependencies of methanol conversion and CO selectivity for all ferrite mate-
rials are presented in Fig. 4. The obtained ferrites range in the order of increase of catalytic
activity according to the increase of copper content in them. The sample Cug gZng 2Fe;O4
demonstrates extremely high catalytic activity and 90 % conversion is achieved at about
460 K. The selectivity to CO for all materials is between 40 and 70 % and above 500 K
it is slightly higher for the sample with the lowest copper content (Cug 2Zng gFe20O4). The
main registered by-product during the decomposition is CO2 (up to 30-40 %) and CH4(up
to 5-10 %).

The Mossbauer spectroscopy analyses of the samples after catalytic test demonstrate
significant reduction transformations with the ferrites under the reaction medium (Fig. 5 and
Table 4). The calculated Mossbauer parameters reveal presence of magnetite phase (FezO4)
that consist of two sextets which are referred to Fe3™ in tetra- and Fe2>t in octa- positions,
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denoted in Table 4 as M-Sx1 and M-Sx2, respectively. However their relative weight ratio
is smaller than 1 : 1.88, which is typical for the pure stoichiometric Fe3O4phase. Thus, we
assume that the Fe ions in magnetite are partially substituted by Me?* (Me = Zn, Cu) i.e.
it is formed Me-substituted magnetite with general formula Fe;_,Me,O4. The formation
of Me-substituted magnetite and carbide of Higg (x-FesCy) in different proportion have
been detected for all catalysts, except Cug2ZnggFe2Oy4, in which only x-FesC, phase is
observed. The relative part of the Me-substituted magnetite increases with the increase of
copper content in ferrites and only in the case of ZnFe;O4 presence of non-changed zinc
ferrite phase with G = 13 % is observed. We consider that the catalytic activity of ferrites
increases with the increase of copper content in them and well correlates with their further
transformation to Me-substituted magnetite. It is not excluded the extremely high catalytic
activity of the samples with high copper content to be related to the decomposition of ferrite
under the reaction medium with the formation of finely dispersed copper nanoparticles in
close contact with Me-substituted magnetite which in a synergistic activity promotes the
decomposition of methanol and the release of hydrogen from the catalyst surface.

4 Conclusion

Nanodimentional Cuj_xZnxFe,O4 ferrites with different composition were synthesised
using co-precipitation and thermal methods. A well defined tendency for the ferrite crystal-
lite size increase with the copper content increase is registered. The ferrite materials exhibit
high catalytic activity in methanol decomposition which increases with the increase of cop-
per content in the samples. The catalytic behaviour of ferrites in methanol decomposition
strongly depends on the phase transformations that occur by the influence of the reaction
medium.
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