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Abstract

The aim of this work was to obtain information about the influence of small quantities of Ni%*
ion on the structural and magnetic properties of the tetragonally distorted of Cui—xNixFe2O4
series (with x = 0.00, 0.05, 0.1, and 0.15 respectively). The tested ferrite system was
synthesized by combustion of citrate-nitrate precursors. The synchrotron X-ray diffraction
measurements determined the phase transition temperatures (tetragonal — cubic) of all
samples. The change of structures under the influence of temperature shows a phase transition
in the range of 390 — 400 °C for x = 0.00, 330 — 370 °C for x = 0.05, 210 — 330 °C for x = 0.1
and 140 — 210 °C for x = 0.15, respectively. The initial phase transition temperature decreases
linearly with the decreasing c/a ratio of the crystallographic lattice parameters for the
Cui—xNixFe204 oxides. Hysteresis measurements were made to determine the saturation
magnetization (Ms) and coercive field (uoHc) of the samples. The values of magnetic
moments at room temperature determined from magnetization measurements are very similar
to those obtained from theoretical x-ray diffraction calculations. Magnetic moment values per
formula unit are estimated to range from 1.16 uB to 1.5 uB. It was found that the catalytic
activity of NoO decomposition of samples increases with increasing nickel content.
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1. Introduction

Polycrystalline copper ferrites are one of the most important ferrites, they are soft
magnetic materials with a good potential for novel applications as spintronics, drug delivery,
and data storage [1-4]. CuFe2O;4 crystallizes in cubic or in tetragonal symmetry depending on
the cation distribution in the two different crystallographic sites (A- tetrahedral and B-
octahedral) of the spinel structure. The cation distribution in this oxide can be presented by
the formula: (Cux**Fei®")a[Cuix**Fe1nc*]s0sa. The parameter of inversion x = 0 for
inversion spinels, and x = 1, when the spinel is normal. The structure of the CuFe>O4 can be
controlled by annealing and cooling rates during the process of compound preparation.
Copper ferrite quenched at temperatures above 800 °C has a cubic structure, while slowly
cooled it has a tetragonally deformed spinel structure [5-6]. This material is ferrimagnetic
with a Curie temperature T. = 770 K [6]. The introduction of magnetic and nonmagnetic ions
into tetrahedral (A) and octahedral (B) spinel sites generates different magnetic order, and this
is mainly due to modifications in the intersublattice space (A - O - B) and intersublattice
space (A - O - A) and (B - O - B) exchange interactions. Structural and magnetic properties
of ferrites are strictly guided by the cation distribution in their specified crystallographic sites.
The characteristic properties of copper ferrites can be improved by combining other metallic
ions in their chemical structure. Metal combination with ferrite can produce new substances
with interesting properties. Many researchers have modified copper ferrite and obtained new
materials with completely different structural, thermal, electrical, magnetic and catalytic
properties [7-9].

The effect of nickel ion substitution for copper on structural, magnetic and catalytic
activity properties of CuFe.Og ferrite is reported. The impact of replacing Cu ions by Ni on
the structural parameters and magnetic properties of the system was investigated utilizing
synchrotron X-ray diffraction and magnetic measurements. Catalytic measurements of N,O
decomposition in CuixNixFe2O4 systems were carried out depending on the nickel content in
the sample.

2. Synthesis and experimental methods

A series of ferrite samples of the chemical composition Cui-xNixFe204 (x = 0.0; 0.05; 0.1
and 0.15) prepared by a combustion method using citrate-nitrate precursors. All reagents were
of high analytical grade and were obtained from Sigma Aldrich and Merck Chemical. The

stoichiometric quantities of starting materials, viz., Cu(NO3z)2 - 6H20, Ni(NO3), - 6H20,



Fe(NOz)3 - 9H.0, (Merck) and CsHsO7 - H20, were dissolved in distilled water. The mixed
citrate-nitrate solution was heated at 120 °C, with continuous stirring. After the evaporation of
excess of water, a highly viscous gel was obtained. Ultimately, the powder was sintered in air
at different temperatures (300, 600, 900 °C) for 4h. After heating, the preparations were
cooled slowly to room temperature.

The compounds formation and crystallinity of the materials were identified by XRD
patterns, which were recorded on a computerized TUR_M61 (HZG-3) diffractometer,
employing Co Ka radiation. Finally, investigations on the temperature phase transition for
product formed as a result of slow cooling of CuixNixFe.O4 samples were carried out at the
synchrotron beamline B2 at Hasylab (Desy, Hamburg). The diffractometer was equipped with
capillary furnace (STOE) and the on-site readable image-plate detector OBI. The
polycrystalline samples placed in quartz capillaries of diameter 0.3 mm were heated and
cooled at the temperature range from RT to 500 °C. The wavelength, determined by
calibration using a NIST silicon standard, was 0.688268 A. Analysis of the XRD data was
undertaken with a full-pattern fitting procedure based on the Rietveld method. Structure
refinement was performed using FullProf program [10].

The studied ferrite samples of the chemical composition Cui-xNixFe2O4 are characterized
by magnetic ordering temperature of the order of 800 K, depending on the composition used.
Therefore, to derive magnetic parameters, measurements in a wide temperatures range were
carried out. Up to 400 K vibrating sample (VSM) option of the Physical Property
Measurement System (PPMS), Quantum Design, was used. The magnetic characterization
included magnetic susceptibility in the zero field-cooled (ZFC) mode (magnetic field
switched on after cooling the sample down and then data acquisition during heating) and in
the field-cooled (FC) mode (measurement during cooling down in a magnetic field, just after
the ZFC procedure). For these ZFC-FC measurements magnetic field was set to 1 kOe. For
temperatures from RT up to 850 K we employed a home-made magnetic susceptometer
working based on the compensation method.

Textural parameters were obtained from the nitrogen adsorption—desorption isotherms at
77 K, and were recorded performed using Micromeritics ASAP V2.00D analyser. The
specific surface area was calculated using multipoint BET analysis and the pore sizes were
measured by the Barrett—Joyner—Halenda (BJH) method of desorption.

Catalytic activity was carried out by the TPR (temperature programmed reaction) method.
A 100 mg sample was placed in a quartz reactor, the system was conditioned at 973 K for 2 h

in an argon atmosphere with a gas flow of 50 cm®min. A gas mixture of 5000 ppm N20 in Ar



was fed at the constant rate of 50 cm®/min (weight hourly space velocity, WHSV = 30000 ml
gl h'l) via a set of mass flow controllers to the quartz microreactor placed in an electric oven.
The PID controller was used to regulate the heating power and control the temperature.
Measurements were made in the range of 473 - 973 K. The results were performed in a gas
analyzer Pfeiffer ThermoStar model GDS301T2 using QMA200M analyzer. The N2O
conversion was calculated according to equation (1):

— Nzototal — Nzo
conv NZOt

residual x 100
otal (1)

the CRSA (conversion rate per square meter of surface area) was calculated from equation
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3. Structural properties

The X-ray powder diffraction (XRD) patterns registered with using Co radiation of the
Cu1-xNixFe204 compositions calcined at 900 °C have been shown in Figure 1. As shown in
the formulas, all peaks confirm the formation of a single-phase system with a tetragonal
copper ferrite structure type (JCPDS no. 34-0425) without additional peaks corresponding to
any other phase [11]. It is well known that slow cooled CuFe>O4 from high temperatures has
tetragonally deformed spinel structure at room temperature [12-15]. The crystal structure
diagram of the CuFe;O4 sample is shown in Figure 2. Copper ferrite is an inverse spinel in
which half of the Fe®* ions occupy the tetrahedral sites (A sites) and the rest Fe3* ions and all
Cu?* ions preferentially fill the octahedral sites [B sites], thus the compound can be presented
by the formula: (Fe)[CuFe]O4. The Cu?* ions occur octahedral B sites and this causes the
tetragonal distortion due to the cooperative Jahn-Teller effect [15]. The Jahn-Teller effect at
Cu?* is attributable to increase the distance of Cu—O bonds along the c axis, i.e. a distortion of
the CuOs octahedron (Fig. 2). The structural parameters of the sample series are presented in
Table 1. To provide a convenient comparison between cubic and tetragonal structures, the
unit cell parameter in a tetragonal lattice is multiplied by v2. From Table 1 shows that the
volume, ¢ parameter, c/a, and the Cu-O bond distance along the c-axis linearly decrease with
the increase Ni?* content in Cui-xNixFeO4 system. But, with increase Ni?* content, the value

of lattice parameter a and the Cu-O bond distance along the a-b plane linearly increase in



observed structures. It is well known, that Ni?* occupies only the B-sites [16], based on these
facts substitution of Cu?* by Ni?* leads to decrease of the c/a ratio, the resulting decrease
copper ions in the octahedral sites gives rise to a less distorted structure. At the same time, the
unit cell volume values decrease with increasing nickel concentration in the sample series

because the ionic radius of Ni?* is smaller than the ionic radius of Cu?* [17].
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Figure 1. X-ray powder diffraction patterns of CuixNixFe204 samples. The indices hkl correspond to
the tetragonal spinel unit cell.

Table 1. Structural parameters for Cui-xNixFe204 samples with tetragonal spinel unit cell at
the room temperature.

Composition (X) | a[A] (a=ar-v2) | Cc[A] V [A%] cla | *Cu-O°[A] | *Cu-O*"[A]
0.00 8.2255(3) 8.686(2) | 591.55(05) | 1.056 2.174 1.992
0.05 8.2429(6) 8.653(4) | 587.93(10) | 1.049 2.165 1.996
0.10 8.2584(7) 8.603(7) | 586.73(06) | 1.042 2.153 1.999
0.15 8.2727(4) 8.561(8) | 585.89(08) | 1.035 2.142 2.003

* Bond distances along the c-axis, and along the a-b plane.



Figure 2. Crystal structure of the tetragonally distorted CuFe>O4 at ambient conditions.

The structure of copper ferrite can be changed by reducing the copper concentration or
alternatively by temperature treatment. Heating can modify the distribution of cations in the
spinel lattice - Cu?* ions migrate from octahedral sites to tetragonal positions [18-19]. Figure
3 shows thermal evolution of the synchrotron X-ray diffraction spinel peaks 311 and 222, in
the temperature region of phase transition F41/ddm — Fd3m for CuixNixFe204 series with x
= 0.00, 0.05, 0.1, and 0.15. The temperature dependence of the lattice parameters is also
shown in Fig. 3. As illustrated in Fig. 3, at critical temperatures the axial ratios converge and
two phases (tetragonal and cubic) are observed. Phase transition temperature ranges are 390 —
400 °C for x = 0.00, 330 — 370 °C for x = 0.05, 210 — 330 °C for x = 0.1, and 140 — 210 °C for
x = 0.15, respectively. The phase transition result only for CuFe2O4 has been confirmed in
many articles [5,12,20]. The initial phase transition temperature has a linear relationship with
the c/a ratio (Fig. 4). Substitution with Ni?* ions clearly restrains tetragonal distortion effect,
decreasing the temperature of structural transformation, and finally stabilizing the cubic

structure.
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Figure 3. XRD patterns in the temperature region of phase transition from tetragonal to cubic structure
for the Cu,«NixFe;O4 series. The temperature variation of lattice parameters for CuixNixFe;O4
compounds. The errors are smaller than the symbols used in the figures.
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Figure 4. Comparison of the c/a ratio with the initial phase transition temperature in the
Cu;—«NixFe204 system.

4. Magnetic results

Figures 5a-d show magnetic susceptibility combined of two parts. From 2 K up to 400 K
the magnetic susceptibility is obtained by measurements of the temperature dependence of the
magnetic moment at magnetic field H = 1 kOe using the QD VSM system. For temperatures
up to 850 K the home-made magnetic susceptometer was employed. The VSM results present
both the FC and ZFC curves but it should be noted that the splitting of FC - ZFC curves does
not have to have a reproducible shape because the upper temperature of 400 K is still much
below the magnetic ordering temperature for these ferrites, which is about 780 K [21-23],
therefore thermal hysteresis and magnetic history play a role. Figure 6 presents the
normalized high temperature part of magnetic susceptibility for all the studied CuixNixFe204
compositions. While the magnetic ordering temperature changes only slightly with the
addition of Ni and takes value in the range 740 - 780 K, the effect of the structural transition
is a hump shifting significantly towards lower temperatures with the increase of x (see the
vertical lines in Fig. 6). The position of the hump is in good agreement with the results of the
synchrotron X-ray diffraction experiments (Fig. 3). Precise determination of the ordering
temperature, Tc, is not possible due to the overlapping of the structural and magnetic phase
transitions. For higher Ni concentrations (x > 0.3) a growth of Tc has been observed
previously [6], however it was the temperature dependence of the saturation magnetization,
which has been studied, therefore some details observed in our zero-field magnetic
susceptibility, like the effect of the structural phase transition, were not visible in Ref. [6]. It is
also interesting to follow the behavior of the minimum visible mainly for the FC curves (Fig.

5). It may be due to a maximal level of compensation of the magnetic sublattices at those



minima. It then would mean that the Ni addition lowers the temperature, for which the

maximal compensation occurs but simultaneously it decreases the level of the compensation.
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The magnetization dependence on magnetic field at temperature of 3 K is gathered in
Fig. 7. Results including higher temperatures are presented in supplementary Figures S1-S4.
The saturation magnetization Ms was determined based on the M(H) data of Fig. 3 and the
standard formula describing the magnetic saturation process [24]:
M(H) = Ms[1-a/uoH-b/(uoH)?]+cH (3)
The values of the parameters of Eq. (1) are collected in Tab. 2. Figure 8 displays the low
field part of the M(H) data and reveals a clear hysteresis. The values of the coercive field uoHc
are also included in Tab. 2. Both Ms and uoH. are additionally plotted in Fig. 9 and reveal
increasing and decreasing dependence on X, respectively. However, these dependences on Ni
content are not perfectly monotonic. In Eq. (3) the parameter b is related to the
magnetocrystalline anisotropy and its tendency to decrease with X suggests that the Ni
addition decreases the anisotropic properties within the CuixNixFe2O4 series. It is additionally

confirmed by the reduction of the coercive field with increasing x (Fig. 9).

Table 2. Magnetic parameters characterizing the CuixNixFe>O4 series derived from magnetic

susceptibility and hysteresis loop measurements.

x T Ms Ms a b c uoHc
(K) | (emu/g) | (us) (M (T | (emu/gT)| (T)

0 3 32.08 1.37 0.054 0.043 0 0.070
0 300 27.00 1.16 0.071 0.017 0 0.062
0 350 26.21 1.12 0.042 0.035 0.046 0.056
0.05 3 36.91 1.58 0.025 0.051 0 0.046
0.05| 300 32.516 1.39 0.044 0.021 0 0.037
0.05| 350 30.72 1.31 0.039 0.019 0.020 0.032
0.1 3 38.08 1.63 0.052 0.027 0 0.045
0.1 | 300 33.68 1.44 0.041 0.011 0 0.028
0.1 | 350 31.78 1.36 0.034 0.006 0.013 0.023
0.15 3 42.59 1.82 0.033 0.022 0 0.029
0.15| 300 35.94 1.54 0.017 0.011 0.043 0.015
0.15| 350 33.53 1.43 0.025 0.002 0.024 0.010

The distribution of cations in all samples was determined, Cu?* and Fe3* ions are
distributed in both tetragonal (A) and octahedral [B] sublattices, while Ni?* ions occupy only
octahedral [B] sites (Tab. 3). The values of magnetic moments at the room temperature
determined from magnetization measurements are similar to those obtained from theoretical
XRD calculations. Due to the strong preference of Ni%* ions for octahedral sites, it is much

easier to design spinels with planned properties and cation distribution.



Table 3. The magnetic moment per unit formula from XRD and VSM data for Cu;-xNixFe204
at the room temperature.

Composition (x) Cation distribution (XRD) Oé\;l a(g\;lglt\l/lc) mog; elgt ([;EQ]D)
0.0 (Cuo.03Fe0.97)A[Cuo.97F€1.03]B 1.16 1.24
0.05 (Cuo.04Fe0.96)A[CUo.91Ni0.05F€1.04]8 1.39 1.38
0.1 (Cuo.04Fe0.96)aA[Cuo.s6Nio.1Fe1.04]B 1.44 1.44
0.15 (Cuo.04Fe0.96)A[CUo.81Nio.15F€1.04]B 1.54 1.50
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Figure 7. Magnetization curves measured at 3 K for various Ni contents.
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Figure 8. Low magnetic field part of the M(H) data showing the hysteresis loop.
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5. Catalytic activity measurements

Nitrous oxide (N20) after carbon dioxide and methane is the third most important
greenhouse gas, which has global warming potential is as much as 300 times greater than CO>
[25]. Spinels are one of the most promising catalytic materials for direct N.O decomposition
[26-29]. Replacing copper with nickel significantly improves the efficiency of N2O
decomposition in the Cui-xNixFe204 system (Fig. 10). The role of Ni can be concluded in the
amplification of Cui.x NixFe>O4 - structural defects, specific surface and active sites, and thus
increasing the catalytic activity of N2O decomposition. A similar improvement in catalytic

activity was observed when nickel was added to cobalt spinel [29].
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Figure 10. lllustrates N,O catalytic decomposition curves of CuixNixFe204 samples in conversion rate
per square meter of surface area.

6. Conclusions

High-resolution synchrotron powder diffractometer enabled the investigations of the
crystallographic structures of the single-phase solid solution series CuixNixFe2O4 in the very
short range (0 < x < 0.15). Substitution with very small quantities of transition ion, restrains
the ordering of Cu?* ions occupying the octahedral sites in the spinel lattice and decreases
linearly the phase transition temperature. Our results clearly show how we can obtain a new
modified material with an optimal cation distribution and well-controlled phase transition
temperature. In addition, we modify the magnetic properties and improve the catalytic activity

of the thermal decomposition of N2O.
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