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Abstract: Nanocrystalline materials with the composition of (CusNigs)yFe;_yOy4 and a spinel
structure were synthesized by the auto-combustion sol-gel method. The materials were characterized
by powder X-ray diffraction, Mdssbauer spectroscopy, transmission electron microscopy, X-ray
photoelectron spectroscopy, and N, physisorption. A decrease in the unit cell parameter and increase
in the crystallite size with a decrease in the copper and nickel content in ferrites were evidenced.
Mossbauer analysis determined that iron ions are in the 3+ states in all compositions. Transmission
electron microscopy showed that synthesized ferrite materials consisted of nanoparticles with narrow
size distributions. The catalytic properties of synthesized ferrites were studied in the reaction of ethyl
acetate oxidation and methanol decomposition. The conversion of ethyl acetate and CO; selectivity
increased with temperature, and this effect was most pronounced for (Cug 5Nig 5)05Fe; 504, for which
the main part of the particles possessed sizes below 10 nm, and the mean diameter was calculated
to be 4.3 nm. The catalytic activity in the reaction of methanol decomposition was the highest for
(Cug5Nig5)0.25Fe7504, and it decreased with the increase in Cu and Ni content in the samples. The
analysis of the samples after the catalytic test indicated significant reduction transformations within
the catalysts. Under the reaction medium, the spinel phase decomposed through the formation of
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Spinel ferrite materials have drawn the attention of the large research community be-
cause of their potential application in electronics [1-3], medicine [4-6], and catalysis [7-11].
Numerous studies of spinel ferrites have been motivated by the interest to investigate the
relationship between their composition, structure, and functional properties as magnetic,
optical, catalytic, etc. [12-15].

It is well known that the general formula of spinel ferrite materials can be written

as follows: (MyFeq_y)[M1_,Fe14¢]O4, where M is a divalent ion, the metallic cations in ()
occupy the tetrahedral A sites, and the metallic cations in [ ] occupy the octahedral B
Copyright: © 2024 by the authors. sites. According to the occupation of divalent and three-valent cations of tetrahedral and
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the material. The physical and chemical properties of nanomaterials are strongly dependent
on the size, shape, and morphology of the nanoparticles inside [16]. The influence of the
synthesis method on the modeling of the properties is fundamental; hence, the selection
of the most appropriate method for obtaining an optimal composition for the catalysis
properties, such as specific surface area, chemical composition of the surface of the material,
morphology, porosity, crystal defects, etc., is of crucial importance.

One of the most well-known synthesis methods is solid-state thermal synthesis, also
called ceramic synthesis [17]. This method is based on the co-heating of a previously
well-homogenized mixture of starting substances (most often oxides) according to a regime
and temperatures that allow the full interaction of the components of the mixture. The
production technology requires a gradual increase in temperature and an application of high
temperatures (over 1500-2100 K). In general, the method is unsuitable for the preparation
of catalysts and nanomaterials due to the deteriorated dispersion characteristics of the
final product.

The method of co-precipitation has been successfully applied for the synthesis of spinel
ferrite catalysts [18—20]. The operating conditions determine the properties and composition
of the final product: the pH of the medium during precipitation, the concentration of the
starting solutions, the temperature during precipitation, the rate of precipitation, the time of
ripening of the precipitate, and the washing and the conditions of the subsequent thermal
treatment. The precipitation process begins by mixing the aqueous solutions of metal salts
with a solution of NaOH, NH;4OH, or (NH4),COj3. As a result, an insoluble precipitate of
metal hydroxide, oxyhydroxide, or carbonate (hydroxycarbonate) is obtained. The obtained
precipitate is converted into individual or mixed metal oxides during the thermal treatment
stage. Theoretically, all soluble salts can be used in the preparation of insoluble compounds,
but in many cases, a particular salt is preferred. When obtaining precipitates, in which
the anions of the starting salt are included, these anions or their products are poisons, and
the use of sulfates and chlorides is not desirable. It is preferable to use nitrates, where the
incorporated NO3 ™ in the sludge can be removed in subsequent processes. The advantages
of the co-precipitation method are the high degree of homogenization of the composition,
obtaining a suitable dispersed structure, and the possibility of producing nanomaterials. A
disadvantage is the large amount of polluted water released.

Solution combustion synthesis is another method appropriate for the synthesis of
nanoscale materials [21]. Since this is a high-temperature method, thermodynamically
stable phases can also be obtained. The properties of the resulting powder materials
depend, to a large extent, on the process parameters, the type of fuel, the oxidizer-to-
fuel ratio, etc. The main requirements for the type of fuel used are that it should be water
soluble and should have a lower ignition temperature. In the solution combustion synthesis,
salts of nitrates, carbonates, sulfates (as oxidizing agents), and reducing agents (fuels) are
used. The most commonly used organic compounds as fuels are urea, glycine, citric
acid, sucrose, etc. [22,23]. This synthesis method has several advantages compared to
other methods in terms of simplicity, cost-effectiveness, energy saving, high productivity,
purity, and homogeneity. Using this synthesis method, homogeneous powders, very fine
crystalline powders, and multi-component oxide ceramic powders can be obtained without
any intermediate decomposition or calcination.

The aim of the present work is to synthesize nanocrystalline spinel ferrites of the
(CupsNips)yFes_yO4 type and to study their structural and catalytic characteristics. The
catalytic behavior of the obtained materials is followed in two test reactions—methanol
decomposition and ethyl acetate oxidation. Methanol decomposition was used as a catalytic
activity test due to the growing interest in methanol as a renewable source for safely storing
and transporting hydrogen, syngas, or methane [11,24,25]. On the other hand, ethyl acetate,
a common ester compound and gaseous pollutant prevalent in many industrial processes
is released into the atmosphere without any purification, and finding out a cheap and
effective catalyst for its complete oxidation is a great challenge [26,27].
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2. Materials and Methods

Samples with the nominal composition (Cug 5Nig 5)yFes—yO4, where y = 0.25, 0.5, and
0.75, were synthesized using the auto-combustion sol-gel method [11], which is a variant
of the solution combustion synthesis. Citric acid was used in quantities equal to the sum
of the metal ions. In short, the experimental procedure was as follows: Cu(NO3),-3H,0,
Ni(NOj3),:6H,0, and Fe(NO3)3-9H,0 in the corresponding stoichiometric ratio was dis-
solved in distilled water at room temperature by stirring; citric acid was added to the
solution, and stirring continued at 333 K; the auto-combustion process was performed by
heating the samples in an oven at 423 K for two hours. The samples were further thermally
treated at 573 K for two hours.

Powder X-ray diffraction (XRD) patterns were collected within the range of 15° to 80°
26 on a Bruker D8 Advance diffractometer with Cu K radiation and LynxEye detector.
Phase identification was performed using the ICDD-PDF2 database. The average crystallite
size (D) and the lattice parameter (a) of the crystalline phases in the samples were deter-
mined based on the experimental XRD profiles by using the PowderCell-2.4 software and
appropriate corrections for the instrumental broadening.

Room temperature (RT) and liquid nitrogen temperature (LNT) Mossbauer spectra
were obtained using a WissEl (Wissenschaftliche Elektronik GmbH, Starnberg, Germany)
electromechanical spectrometer working in a constant acceleration mode. A %’Co/Rh
source with activity = 50 mCi and «-Fe standard were used. The experimentally obtained
spectra were fitted using WinNormos-for-Igor6 ver. 6.0 software. The parameters of
hyperfine interaction such as isomer shift (), quadrupole splitting (4), quadrupole shift
(2e), effective internal magnetic field (Bjy), line widths (I'exp), and relative weight (G) of the
partial components in the spectra were determined.

The morphology and microstructure of the nanoparticles in the catalytic materials, as
well as the phase composition of the samples, were followed by High-Resolution Trans-
mission Electron Microscope (TEM) JEOL JEM 2100 (JEOL Ltd., Tokyo, Japan) at 200 kV
accelerating voltage. The powder of each material was dispersed into ethanol and soni-
cated for 3 min. Afterward, a drop of dispersion was fixed on a standard Cu TEM grid
covered with amorphous carbon, and it was dried for 24 h in a dust-free atmosphere under
ambient conditions.

The surface composition and electronic structure of materials were investigated
by X-ray photoelectron spectroscopy (XPS). The measurements were performed in a
VGESCALAB II (VG Scientific, Manchester, UK) system using AlK« radiation with an
energy of 1486.6 eV. The binding energies (BE) were determined with an accuracy of
£0.1 eV utilizing the Cls line at 285.0 eV (from an adventitious carbon) as a reference.
The element concentrations were evaluated based on the integrated peak areas after a
Shirley-type linear background subtraction using theoretical Scofield’s photoionization
cross-sections.

The texture characteristics were measured based on the Nitrogen adsorption/desorption
isotherms obtained at 77 K using Quantachrome Instruments NOVA 1200e (Boynton Beach,
FL, USA). Prior to the measurements, the samples were heated up to 200 °C for 2 h. The
nitrogen adsorption—-desorption isotherms were analyzed to evaluate the following param-
eters: the specific surface areas (Spgr) were determined based on the Brunauer, Emmett,
and Teller (BET) equation, and the total pore volume (V;) and average pore diameter (Day)
were estimated according to the Gurvich rule at a relative pressure close to 0.99. The pore
size distribution was determined through the desorption branch of the isotherms using the
Barrett-Joyner—-Halenda (BJH) method.

Methanol decomposition tests were carried out in a continuous flow type of microre-
actor (55 mg of catalyst diluted with crushed glass (weight ratio of 1:3) at 1.57 kPa partial
pressure of methanol and WHSV of 100 h—1). Before the catalytic experiment, the samples
were pre-treated in situ for 1 h at 373 K in argon. The dosing of methanol was performed by
saturator, thermostated at 273 K using argon as a carrier gas. The experimental data were
collected under a thermo-programmed regime of the heating rate of 2 K/min within the tem-
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perature range of 423-770 K. On-line gas chromatographic analyses were conducted on an
HP 5890 apparatus equipped with flame ionization (FID) and thermal conductivity (TCD)
detectors on a PLOT Q column. The total oxidation of ethyl acetate was performed under a
temperature-programmed regime within the range of 400-773 K in a flow of 1.21 mol %
ethyl acetate in air with WHSV of 100 h~!. The results were calculated using the method of
absolute calibration based on the carbon-based material balance. The methanol conversion
was calculated as X = ((Cini — Ceur)/Cini) X 100, where Cj,; and Cgyr were the initial and
current detected amounts of methanol, respectively. The selectivity to the ith product from
methanol conversion was calculated as Y;/X x 100, where Y; was its yield determined by
Ci/Cini x 100 (C; was the amount of ith product). The samples after the catalytic test in
the reaction of ethyl acetate oxidation and the reaction of methanol decomposition were
designated as (Cug5Nip5)yFe; yO4-EA and (Cug 5Nig 5)yFe;yO-MD, respectively.

3. Results and Discussion

The XRD patterns of the synthesized samples are given in Figure 1. All diffraction
peaks were assigned to cubic spinel phase 5.G.: Fd-3m, No. 227. No additional peaks of
secondary phases were found. The calculated unit cell parameters and average crystallite
size are summarized in Table 1. It is evident that the crystallite size increases from about
8.5 nm to 10.2 nm with a decrease in copper and nickel content in the composition. It also
established a decrease in unit cell parameter with the decrease in copper and nickel content
in the ferrite composition, which could be explained by the smaller ionic radius of Fe3*
compared to Cu?* and Ni?*.
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Figure 1. XRD patterns of the investigated samples.
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Table 1. Average crystallite size (D) and lattice parameter (a) of the crystalline phases in samples

determined based on the experimental XRD profiles.

D, a,

Sample Phase nm A
(CuO.5NiOA5)0‘75F82_25O4 spinel 8.52 8.3534
(CUQV5NiQ.5)0.5F62.5O4 spinel 8.83 8.3478
(Cu0,5Ni0‘5)o.Z5Fe2,75O4 spinel 10.18 8.3436

The Mossbauer spectra of the prepared materials were recorded at room temperature
and LNT, and they are represented in Figure 2.
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Figure 2. Mossbauer spectra of the synthesized samples at room temperature and (a) and liquid
nitrogen temperature (b).

The room temperature spectra of all samples consisted of doublet and sextets with
wide lines. The best fit was obtained using a model with three sextets and one doublet. The
calculated Mossbauer parameters in the result of fitting are represented in Table 2. It should
be noted that there is no spectral component with parameters indicating the presence of
iron 2+ in the samples. Therefore, the cation distribution in the spinel structure of the
samples is expected to be like Fe?-deficient magnetite. The maghemite has a structure that
can be considered as Fe?"-deficient magnetite with the following formula:

(Fe§+)A[Fei§'D§]303Z, (1)

where O represents a vacancy, and A and B are tetrahedral octahedral positions, respec-
tively [28].
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Table 2. Mossbauer parameters of the synthesized samples at room temperature and at liquid nitrogen
temperature (LNT).

5/ A (25)/ Bhfl rexp/ GI
Sample Components mm/s mm/s T mm/s %
Sx1-Fe3* oeta 0.31 —0.01 47.6 0.65 9
. Sx2-Fe3* o 0.28 0.00 44.1 0.91 9
CugsN Fe, 550 etra
(Cug5Nio5)o.75Fe22504 Sx3-Fe3* 026 0.00 37.2 265 55
Db-Fe3* 0.31 0.71 - 0.73 27
Sx1-Fe3* oeta 0.32 0.01 47.7 0.65 10
, Sx2-Fe3* o 0.29 0.00 43.8 0.95 8
CugsN Fe, 50 etra
(CuosNios)osFez 504 Sx3-Fe3* 0.29 0.00 37.3 273 64
Db-Fe3* 0.31 0.71 - 0.78 18
Sx1-Fe3* oeta 0.31 —0.01 48.8 0.56 6
. Sx2-Fe3+,, 0.28 0.00 45.7 0.76 8
F etra
(Cug5Nigs)o25Fe27504 Sx3-Fe3* 0.29 0.00 39.3 2.65 67
Db-Fe3* 0.31 0.71 - 0.83 19
Sx1-Fe3* oeta 0.45 —0.01 51.5 0.65 34
(Cu0_5Niov5)0_75Fe2_25O4 SXZ-FQ3+tetra 0.36 0.00 49.2 0.62 32
LNT Sx3-Fe3* 0.37 0.00 45.1 1.78 28
Db-Fe3* 0.41 0.78 - 0.6 6
Sx1-Fe?* oeta 0.45 —0.01 51.4 0.65 34
(Cug 5Nig 5)0.5Fe2 504 Sx2-Fe**etra 0.37 0.00 491 0.59 31
LNT Sx3-Fe3+ 0.36 0.00 45.7 1.47 33
Db-Fe3* 0.40 0.69 - 0.54 2
Sx1-Fe3* oeta 0.44 0.00 51.2 0.65 33
(Cu0_5Ni0.5)()_25F62_75O4 SXZ—F83+tetra 0.38 0.00 49.0 0.61 30
LNT Sx3-Fe3* 0.38 0.00 452 1.50 36
Db-Fe3* 0.36 0.79 - 0.54 1

If the same principle of octahedral vacancy formation as in maghemite is accepted,
and it is supposed for fully inverse spinel structure, the cation distribution in studied
compositions should be as follows:

Mo2sFer 7504 : (Feit)a [Fe% M%%J{ Has 18032 2)
MosFer50s : (Feyt)a [FGS% M%g D16 18032 3)
Mo 75Fer2504 : (Fed ™) [Fe% Mz% D 18032 (4)

where M = Cu, Ni; O represents a vacancy; A and B are tetrahedral octahedral positions,
respectively.

As seen in Table 2, the first sextet named Sx1 has a higher isomer shift and higher
magnetic field than the sextet Sx2, and it was attributed to iron 3+ ions in octahedral
coordination. The Sx2 was assigned to tetrahedrally coordinated Fe**. The spectral areas of
Sx1 and Sx2 in all the samples are nearly equal. This could be a sign that the largest ferrite
particles have inverse spinel structures, i.e., Cu?>* and Ni** occupy octahedral positions
in the spinel structure. The presence of a doublet and sextet with very wide lines (Sx3)
is evidence for the presence of small particles which exhibit superparamagnetic behav-
ior at room temperature in all samples [29]. The relative weight of the doublet in the
(Cup5Nig 5)0.75Fe2 2504 sample is higher than that in the other samples (Table 2), which in-
dicates a higher part of the lowest-size particles. This was confirmed by Mossbauer spectra
of samples measured at LNT (Figure 2b, Table 2). It can be seen that the doublet part of
spectra varies from 1% to 6%. It is observed to be dependent on the chemical composition of
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samples. It can be concluded that the sample with a higher content of copper and nickel has
a higher part of superparamagnetic doublet in the spectrum and lower crystallite size in the
sample. Comparing the relative weight of Sx1 and Sx2 in LNT spectra, we observed a slight
prevalence of the octahedral over tetrahedrally coordinated iron (Table 2). This indicates
that the largest particles, which have magnetically ordered structures at LNT, have cation
distribution similar to those described in the Equations (2)—(4). Unfortunately, it is difficult
to determine the exact iron distribution in all particles in the samples because even at LNT,
there exist significant numbers of subcritical size particles that exhibit superparamagnetic
properties.

In order to study the morphology of the synthesized samples, as well as to obtain
more detailed structural information, TEM analysis of the sample (Cug5Nig5)p5Fez 504
was performed (Figure 3). As seen, the material consists of nanoparticles with a narrow
size distribution. The main part of the particles has a size below 10 nm, and the mean
diameter was calculated to be 4.3 nm. The electron diffraction pattern was best matched
and indexed with cubic spinel CuFe,Oy (5.G.: Fd-3m, No. 227, a = 8.36900 A, COD Entry
#96-591-0029), which confirms the results of the XRD analysis. In HRTEM images, the
interplanar distances d = 2.52 A and d = 2.09 A corresponding to crystal planes (311) and
(400) of cubic spinel CuFe;Oy, respectively, were visualized in accordance with the SAED
and XRD results.

(b)

(400) CuFe,0,

' //(422) CuFe,0,

(311) CuFe,0,

e (202) CuFe,0, ! (511) CuFe,0
2 AUEC,Uy

(111) CuFe,0, //<I——/ '=/ (404) CuFe,0,

CuFe;0y cubic, COD Entry #96-591-0029

(311) CuFe,0,
cubic

Figure 3. Bright Field TEM (BFTEM) micrograph and the particles size distribution histogram
(a), the corresponding SAED pattern (b), and HRTEM micrographs (c,d) of (Cug5Nig5)o5Fer504
catalytic material.

The electronic state and surface composition of synthesized materials were investi-
gated by X-ray photoelectron spectroscopy. The high-resolution Cu2p3 /5, CuLMM, Ni2p3 5,
Fe2p, Fe3p, and Ols spectra are represented in Figure 4. Table 3 represents the data from
the calculated surface concentration of the elements of the samples. The core-level Cu2ps,,
spectra (Figure 4a) demonstrate the main peak centered at 933.5 eV and shake-up peaks at
940-945 eV. The copper LMM Auger lines (Figure 4b) are also recorded. The binding energy
of the Cu2ps/;, core level, the kinetic energy of the CuLMM Auger lines (917.6 eV), and
the presence of a satellite at 940-945 eV in all the samples is characteristic of the presence
of copper ions mainly in the 2+ oxidation state. [30]. The Ni2p3,, peak (Figure 4c) with a
binding energy of 854.8 eV is characteristic of Ni?* [31]. The binding energies of Fe2p3,»,
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Fe2pq /, (Figure 4d), and Fe3p (Figure 4e) thus obtained are 710.8 eV, 724.4 eV, and 55.6 eV,
respectively. The binding energy of the Fe2p and Fe3p, spin-orbit splitting of 13.6 eV, as
well as the presence of the satellite peak at about 719 eV correspond well to the binding
energies and shape of the spectra of Fe®* in Fe,O3 [32]. The maximum of the Ols peak
(529.8 eV, Figure 4f) corresponds to lattice oxygen in metal oxides according to [33]. No

other elements, including nitrogen, were detected.

4500
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Figure 4. Partial XPS spectra of: Cu2P3,; (a), CuLMM (b), Ni2p3,, (c), Fe2p (d), Fe3p (e), and Ols

(f) of the investigated samples.

Table 3. Surface (XPS) chemical compositions of the samples.

Sample 0, Cy, Fe, Ni,

P at. % at. % at. % at. %
(Cu045Ni()_5)0_75F62.25O4 68.5 14.3 13.7 3.5
(Cu0_5Nio.5)0_5Fe2,5O4 73.7 6.5 17.1 2.7
(Cu0.5Ni0‘5)0‘25Fez.75O4 75.2 4.5 19.0 1.3

The nitrogen physisorption results are presented in Figure 5 and Table 4. All the sam-
ples displayed type IV isotherms with a hysteresis loop of Type H1, according to the [UPAC
classification. This type of isotherm is characteristic of mesoporous materials. A type H1
hysteresis loop is inherent for materials that have nearly identical spheres, which are ar-
ranged into a comparatively ordered array, and have narrow pore size distributions [34,35].
This is also evident from the pore size distribution, obtained by the BJH method, which
proves the presence of mesoporous structure. The values of the average diameter and
volume of the pores (Table 4) confirm the results obtained from the BET analysis. It can
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be stated that the relatively high specific surface areas of the obtained spinel ferrites make
them suitable to function as catalysts.
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Figure 5. Nitrogen adsorption-desorption isotherms and pore size distributions for samples
(Cuo5Nig 5)0.75Fe2.2504 (@), (CugsNig5)0.5Fe2 504 (b), and (Cug 5Nig 5)0.25Fe2.7504 (c).

Table 4. Nitrogen physisorption data: specific surface area (Sggr), total pore volume (Vy), average
pore diameter (Day).

SBET Vi Dav

SamPle [mZ/g] [Cm3/g] [nm]
(Cug5Nig 5)0.75Fe22504 136 0.28 6.8
(Cup5Nip 5)0.5Fe2504 133 0.23 7.0
(Cug5Nig5)0.25Fe2. 7504 128 0.21 6.6

The oxidation of EA was observed to be above 550-600 K (Figure 6). The main product
of the oxidation was CO,. At 50% conversion, only about 5-6% acetaldehyde, 1-4% ethanol,
and 3% CyHy4 were detected as by-products. The conversion and the CO, selectivity in-
creased with temperature, and this effect was most pronounced for (Cug5Nig 5)0.5Fer504.
The smoother shape of the conversion curves above 620-630 K indicates a loss of cat-
alytic activity.

The Mossbauer spectra of samples after the reaction of ethyl acetate oxidation are
represented in Figure 7a. The calculated parameters are given in Table 5. As seen, the
Mossbauer spectra before and after the catalytic test consist of the same components. We
observed a significant decrease in the area of superparamagnetic doublets in all tested
samples. This could be due to particle size increasing as a result of heating up to 700 K
during catalytic testing. TEM analysis of the sample (Cug5Nig5)o5Fe2504-EA (Figure 8)
confirms the preservation of the cubic spinel structure after the catalytic activity test for
ethyl acetate. Moreover, TEM proves the recrystallization of ferrite particles as the mean
diameter was calculated to increase from 4.3 A to 6.5 A after the test.
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Figure 6. Conversion (a) and selectivity to CO; (b) vs. temperature in total oxidation of ethyl acetate

for various samples.
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Figure 7. Mossbauer spectra of the samples after catalyst test in the oxidation of ethyl acetate (a) and

methanol decomposition (b).
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Table 5. Mossbauer parameters of the samples after catalytic test in the oxidation of ethyl acetate and
methanol decomposition.

5/ A (28)1 Bhfl rexp/ GI
Sample Components mm/s mm/s T mm/s o
Sx1-Fe3* oea 0.34 —0.01 487 0.67 14
(CuO'5NiO,5)0,75F62.2504— SXZ—FeS+tetra 0.27 0.00 45.7 0.67 14
EA Sx3-Fe3* 0.29 0.00 40.7 222 67
Db-Fe3* 0.28 0.67 - 0.82 5
Sx1-Fe?* oeta 0.32 —0.01 485 0.65 14
(CUO.5Ni0_5)O.5FeZ504- SXZ'Fe3+tetra 0.28 0.00 45.5 0.73 11
EA Sx3-Fe3+ 0.30 0.00 40.2 2.35 71
Db-Fe3* 0.32 0.71 - 0.78 4
Sx1-Fe?* oea 0.32 0.00 499 0.53 16
(Cu0‘5NiO.5)0.25Fe2‘75O4— 5X2-Fes+tetra 0.29 0.00 47.0 0.70 13
EA Sx3-Fe3* 0.31 0.00 414 2.31 64
Db-Fe?* 0.32 0.75 - 0.72 7
) Sx1-x-Fes5Cyp 0.24 0.03 19.8 0.63 61
(C“0~5N10-15\3[fg5F92-2504' Sx2-x-FesCy 0.21 0.02 175 0.53 )
Sx3-x-FesCy 0.18 —0.06 11.4 0.45 7
. Sx1-x-FesCyp 0.24 0.04 19.9 0.59 56
(Cu0~5Nl%§[)[0)~5F’32-504' Sx2-x-FesC, 021 0.00 177 0.57 37
Sx3-x-FesCy 0.18 —0.07 11.4 0.45 7
) Sx1-x-FesCyp 0.21 0.04 20.6 0.40 42
(C“0~5N10-15\3[0[§5F'32-75O4' Sx2-x-FesC, 0.20 —0.02 187 0.62 49
Sx3-x-FesCy 0.18 —0.06 10.7 0.45 9

(b)
(311) CuFe,0,
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: f (4
3 (111) CuFe;0, o . / (511) CuFe,0,

;—,/, (404) CuFe,0,

CuFe,0, cubic, COD Entry #96-591-0029

.d=2.09A, (400) CuFe,0, cubic

Figure 8. BFTEM micrograph and the particle size distribution histogram (a), the corresponding
SAED pattern (b), and HRTEM micrographs (c,d) of (Cug5Nig 5)9.5Fe2504-EA, the catalytic material
after a catalytic test for ethyl acetate.

The nitrogen physisorption data indicate that the observed differences in the catalytic
behavior of the samples are not strongly related to their texture characteristics. Moreover,
the XPS analyses demonstrated higher exposure of copper and nickel ions to the surface
when compared to the expected theoretic one. Following the Mdssbauer analyses, this
could be assigned to the predominant location of metal ions on the most exposed octahedral
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1

Conversion, %

positions in the spinel lattice. In line with [36,37], these metal ions control the catalytic
behavior of the samples. Despite the absence of phase transformations during the catalytic
test, a significant agglomeration of the finely dispersed, and probably, most active, ferrite
particles were distinctly observed by Mossbauer spectroscopy and HRTEM analyses. Ob-
viously, with the increase in the (Cu + Ni)/Fe ratio, the increase in the ferrite dispersion
combined with the increase in the portion of the Cu?* and Ni?* ions more exposed to the
reactants, octahedral sites promote catalytic activity. However, the latter is suppressed by
the simultaneous fast aggregation of the ferrite particles. Thus, the catalytic behavior of the
samples was optimized for the (Cug5Nig5)95Fe2 504 sample.

Methanol decomposition was initiated above 500-520 K for all materials, and it ex-
ceeded about 100% conversion at 650 K (Figure 9). Within the whole temperature interval,
the catalytic activity was the highest for (Cug5Nig5)p.25Fe2 7504, and it decreased with the
increase in Cu and Ni content in the samples. The conversion curves were characterized by
changes in the slope or even the appearance of a maximum within the range of 550-575 K
followed by a steep increase in the conversion above 600-650 K. These features were more
pronounced and shifted to lower temperatures with the increase in the (Cu-Ni)/Fe ratio in
the samples. The selectivity to CO was about 90%, and up to 3% and 7% methane and CO,,
respectively, were registered as by-products.
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Figure 9. Conversion (a) and CO selectivity (b) vs. temperature in methanol decomposition for
various samples.

The Mossbauer spectra of the samples after the reaction of methanol decomposition
are presented in Figure 7b. The spectra are fitted using a model consisting of three sextets.
The calculated Méssbauer parameters are summarized in Table 5. The parameters of the
three sextets correspond to the three iron positions in Hdgg carbide, x-FesC; [38,39].

TEM analysis of (Cug5Nig5)p5Fez504-MD sample (Figure 10) confirms a significant
change in morphology and phase composition in the sample after the catalytic test of
methanol decomposition. As seen, the particles look embedded into envelopes, and
they have much larger sizes as the mean diameter increased to 19.5 nm. SAED images
are indexed with monoclinic Hégg carbide (monoclinic, a = 11.58800 A b = 4.57900 A
¢ =5.05900 A, COD Entry #96-152-1832) and cubic CuFe,O4 (COD Entry #96-591-0029), but
it is difficult to find the diffraction rings of the ferrite, which do not overlap with those
of carbide. However, in HRTEM images (Figure 10), interplanar distances of cubic spinel
ferrite d = 2.09 A and d = 1.92 A, corresponding to (400) and (313) crystal planes, are
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visualized. The number of untransformed ferrite particles in the sample after methanol
decomposition is probably very low because Mossbauer spectroscopy did not register
any components related to ferrite. The Mtssbauer study after the catalytic test indicated
significant reduction transformations of the catalysts. Under the reaction medium, the
spinel phase decomposed with the formation of Hdgg carbide, and most probably, metallic
copper and Ni. Considering the HRTEM study, the aggregation of the produced metal
phases is assumed. Obviously, higher amounts of Cu and Ni in the samples promote
the formation of less active Cu and Ni aggregates and Hagg carbide, which explains the
observed complex.

(511) FesCy;

/ . / (303) CuFe,0,
e =

i‘q’l‘%! 222) CuFe,

{511) CuFe,0,

25

. (642) CuFe;0,
ic, COD Entry #96-591-002

Figure 10. BFTEM micrograph and the particles size distribution histogram (a), the corresponding
SAED pattern (b), and HRTEM micrographs (c,d) of (Cug5Nig 5)o5Fe504-MD, the catalytic material
after a catalytic test for methanol decomposition.

4. Conclusions

Nanocrystalline materials with the composition (Cug5Nig 5)yFe3 yO4, where y = 0.25,
0.5, and 0.75, were synthesized using the auto-combustion sol-gel method. A single
cubic spinel phase was established in all samples. Decreasing the unit cell parameter and
increasing the crystallite size with the decrease in copper and nickel content in ferrite
compositions was evidenced by XRD analysis. TEM showed that synthesized ferrite
materials consisted of particles with narrow size distributions. The main part of the
particles in the sample (Cug 5Nig 5)0.5Fe2 504 has a size below 10 nm, and the mean diameter
was calculated to be 4.3 nm. Mossbauer analysis determined that all iron ions are in the
3+ states. Thus, the cation distribution in the spinel structure of the compositions was
proposed. The oxidation of EA was observed to be above 550-600 K. The conversion and
the CO; selectivity increased with the temperature, and this effect was most pronounced for
(Cup5Nig5)05Fe2504. Analysis of samples after the catalytic activity test for ethyl acetate
confirms the preservation of the cubic spinel structure and proves the recrystallization
of ferrite particles as a result of heating up to 700 K during catalytic testing. Methanol
decomposition was initiated above 500-520 K for all materials, and it reached about 100%
conversion at 650 K. Within the whole temperature interval, the catalytic activity was
the highest for (Cug5Nig5)p25Fe2 7504, and it decreased with the increase in Cu and Ni
content in the samples. The analysis of samples after the catalytic test indicated significant
reduction transformations inside the catalysts. Under the reaction medium, the spinel
phase decomposed with the formation of Hégg carbide, which is evidenced by Mssbauer
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spectroscopy and the HRTEM study of (Cug5Nig 5)o5Fez504. Also, the particles appeared
embedded inside amorphous envelopes, and the mean diameter increased to 19.5 nm as
they have much larger sizes.
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