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Cu-substituted Ni ferrite systems are produced following a hydrothermal synthetic route carried out at relatively
mild conditions (i.e., below 200 °C). Different degrees of substitution were investigated, ranging from bare Ni
ferrite to a complete Cu-substituted system (by replacing 100% of Ni with Cu). Morphological and structural
characterisations point out that the introduction of Cu in the Ni ferrite (below 50% substitution) causes a gradual
reduction of the average diameter of the ferrite polyhedral nanoparticles maintaining the Ni ferrite structure. At
higher content of Cu, instead, the morphology evolves toward the co-presence of iron oxides (magnetite and
hematite) and copper oxide (tenorite), without the formation of bare Cu ferrite. The partially substituted Ni
ferrite nanomaterials exhibit a mostly superparamagnetic behaviour in all samples, registering a reduction of the
values of magnetisation saturation by increasing the Cu content. Transmission Mossbauer spectroscopy per-
formed on these nanomaterials evidenced a gradual lowering of the Fe fraction occupying the octahedral sites
and a consequent increment of the Fe fraction in the tetrahedral sites. Quantitative analysis confirms the gradual
reduction of the Ni content within the ferrite samples, coupled with the opposite increment of the Cu content,
whereas the Fe content is lower in the case of Ni75-Cu25 sample. This particular behaviour can be associated
with the influence of Cu substitution in the Ni ferrite structure, with preferential replacement of Fe from the
octahedral B-sites toward the tetrahedral A-sites.

1. Introduction

In the last decades, the new frontier in materials science is the design
of intelligent (smart) nanomaterials able to show properties variation/
modulation/control by simply applying an external stimulus (ie.,
stimuli-responsive materials), such as variation of temperature, pres-
sure, moisture, pH, chemical species, ionic strength, mechanical stress,
light radiation, electric field, and magnetic field [1-12]. In this context,
magnetic field (MF) responsive nanomaterials reached important results
in several technological fields of emerging interest, such as biomedicine,
magnetic resonance imaging, robotics, electronics, data and energy
storage, environmental remediation processes, (photo)catalysis, spin-
tronics, and many others [13-26]. The appearance of a strong magnetic
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moment in MF-responsive nanomaterials is determined by both the
electronic distribution (i.e., electronic configuration) and motion (i.e.,
electrons spin) [13] On this basis, there are only few chemical elements
able to provide a strong magnetic response, namely: iron (Fe), cobalt
(Co), nickel (Ni), manganese (Mn), chromium (Cr), and some rare earth
metals [27-29]. In this context, ferrites are a class of ceramic oxides
showing important magnetic features [30]. Additionally, ferrites are
advantaged by having a small band gap (approx. 1.5-2.5 eV), which
makes them promising substrates for a new generation of photo(electro)
chemical devices [31-33].

Among the different classes of ferrites, both nickel (NiFe;O4) and
copper (CuFey0O4) ferrites are MF-responsive nanomaterials of para-
mount interest as they actually find applications in many advanced
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technological fields of research, ranging from photo(electro)catalysis for
renewable fuels production [34-36], electronics [37], to environmental
remediation processes [38]. In the case of nickel ferrite, this material has
an inverse spinel structure, organized into 8-tetrahedral A-sites (con-
taining Fe3t cations), and 16-octahedral B-sites (containing both M3t
and Fe3 cations, with M corresponding to the non-iron metal, namely
Ni) per unit [39]. Vice versa, copper ferrite is organized as a partial
inverse spinel structure with the degree of inversion depending on the
heat treatment, but with a predominance of B-sites occupied by cu?t
ions [40,41]. In the case of spinel ferrites, the complete chemical for-
mula is the following: [M?*,Fe3"1T[M2*Fe3,]1°0F, with apexes “T” and
“O” referring respectively to tetrahedral A-sites and octahedral B-sites,
and “x” representing the degree of inversion defined as the fraction of
tetrahedral A-sites occupied by Fe®' cations [39]. Due to the inverse
spinel structure, the degree of inversion for pure nickel ferrite is equal to
one. Furthermore, ions occupying the tetrahedral A-sites are defined as
“network formers”, whereas those occupying the octahedral B-sites are
defined as “network modifiers”. In the case of both nickel and copper
ferrites, Ni2" cations are considered as network modifiers, whereas Fe>*
and Cu®" cations act as both network formers and modifiers [39,42].

Interestingly, both the nature and the amount of non-iron metal
cations strongly influence most of the intrinsic properties of this class of
ferrites [43]. In this context, the possibility of producing doped (qua-
ternary) spinel ferrites containing more than one non-iron metal is
rapidly emerging as a potential and powerful technological solution due
to the prospect of merging the advantages of both bare systems, with the
aim of creating novel MF-responsive nanomaterials with unique
properties.

The scientific literature describing the correlation existing between
the structural changes induced by the presence of dopant cations and the
relative properties variation is quite broad. Concerning nickel ferrites,
Ashiq et al. [44] reported the synthesis of Sb>* substituted nickel ferrites
obtained by reverse microemulsion techniques showing a
metal-to-semiconductor transition temperature, and a room tempera-
ture (RT) resistivity variation as a function of the content in antimony
cations. Since the electrical conduction of ferrites is due to the electrons
hopping between iron cations occupying the octahedral B-sites [45], the
partial replacement of iron with antimony at the octahedral B-sites
caused primarily a reduction of the available number of ferric ions (with
depletion of hopping electrons), and consequently an increment of the
electrical resistivity. Rodrigues et al. [42], instead, investigated the
synthesis of Co?* substituted nickel ferrites by means of
microwave-assisted combustion reactions. In their study, the resulting
Co-Ni ferrites showed a reduction of the relative saturation magnet-
isation and a coupled increment of the coercivity values by increasing
the content of cobalt ions. The reduction of the saturation magnetisation
can be rationalised by considering the preference of Co®" cations in
replacing Ni?* cations within the octahedral B-sites, whereas the
increment in coercivity is a consequence of the increment of the domain
wall energy. These two examples clearly demonstrate how the structural
variation induced by introducing doping species in the ferrites lattice
can dramatically affect the doped ferrite properties.

The interest on Cu-containing catalysts has rapidly increased over
the recent years, as this metal is known being able to electrochemically
catalyse specific reactions, such as the carbon dioxide conversion into C;
valuable products (i.e., carbon dioxide reduction reaction, CO2RR) with
acceptable efficiencies [46]. Furthermore, experimental evidences
highlighted that Cu-containing catalysts (e.g., copper ferrites) are also
able to promote the carbon dioxide conversion toward C-C3 products
[47]. In this context, Khalaf et al. [48] investigated the possibility of
integrating copper into nickel ferrites by following a synthetic route
consisting into a combustion reaction in presence of citric acid as
capping agent, obtaining Cu-Ni ferrites showing important features in
the acetaldehyde electro-oxidation reaction.

Hence, this study aims at the introduction of Cu into the nickel ferrite
structure following a low temperature wet synthesis approach, such as
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the hydrothermal route carried out at mild conditions (ie., below
200 °C). In particular, different degrees of substitution were investigated
(ranging from bare Ni ferrite to 100% Cu-substitution). Morphological,
structural and magnetic features of samples were monitored by means of
scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy probe (SEM-EDS), transmission electron microscopy
(TEM), X-ray powder diffraction (XRD), vibrating sample magnetometry
(VSM), transmission Mossbauer spectroscopy (TMS), and inductively
coupled plasma optical emission spectroscopy (ICP-OES).

2. Experimental
2.1. Chemicals

Inorganic salts: Ferric nitrate nonahydrate (Fe(NO3)3-9 H20, 98+%
metal basis, crystalline contains excess HNOs, CAS 7782-61-8, Thermo-
Scientific), nickel nitrate hexahydrate (Ni(NO3)2-6 H20, crystalline, CAS
13478-00-7, Aldrich), and copper nitrate trihydrate (Cu(NOs)2-3 H50,
puriss. p.a., 99-104%, CAS 10031-43-3, Sigma-Aldrich) are used as
received. Potassium bromide (KBr, 99+%, FT-IR grade, CAS 7758-02-3,
Aldrich) is heated at approx. 80 °C prior to use to maintain it dry.

Solutions and solvents: 6 M NaOH solution is prepared by dissolving
sodium hydroxide pellets (NaOH, puriss., p.a., ACS reagent, >98%, CAS
1310-73-2, Aldrich) in deionized water. The resulting solution is stored
in a fridge and maintained at approx. 5 °C. Acetone (CAS 67-64-1, Sigma-
Aldrich) is used as received. Intermediate metal standard solutions were
prepared from concentrated (1000 and 10,000 mg L) stock solutions
(Sigma-Aldrich, or CPI International) and acidified to pH = 1.5. Deionized
water was used during the washing procedures. Milli-Q water with a
resistivity of 18.2 MQ cm was used. All chemicals were used without
further purification.

2.2. Hydrothermal synthesis of nanomaterials

Nanomaterials are prepared following a modified procedure [49]. In
a typical synthesis, the desired inorganic salts mixture (15 mmol) was
dissolved in a fixed volume of distilled water (20 mL). Afterwards, 6 M
NaOH solution (15 mL) is added to the mixture, reaching the final pH
value of ca. 13, and registering the precipitation of the metal hydroxide
in the alkaline medium. The final suspension was magnetically stirred
for 30 min at RT. Subsequently, the mixture is transferred into a 125-mL
sealed Teflon-lined autoclave Model 4748 (Parr Instrument Company,
Illinois, USA), and thermally treated in a Carbolite CWF1200 muffle
furnace (Carbolite, Hope, UK) with the following thermal program: (i)
heating ramp from RT to 180 °C (heating rate: 10 °C min'l), (i)
isothermal step at 180 °C for 12 h, and (iii) cooling step from 180 °C to
50 °C (cooling rate: 10 °C min'!). Subsequently, the autoclave was
allowed to cool down from 50 °C to RT naturally. The precipitate was
magnetically separated from the solution by using a commercial neo-
dymium magnet, and purified by washing several times with deionized
water (four times) and acetone (one time) [50]. Finally, the resulting
suspension was deposited onto a glass Petri dish and oven dried at 80 °C
overnight. Table 1 reports the initial composition of the inorganic salts
mixtures investigated in the present study, and the relative samples
coding. Characterisation data concerning both Ni25-Cu75 and Cul00

Table 1
Initial composition of the inorganic salts mixtures.

Sample name Inorganic salts mixtures (mmol; g)

Fe (NO3)3-9 H,0 Ni (NO3),-6 Ho0 Cu (NO3)2-3 Hy0

Nil00 10.00; 4.0 5.00; 1.5 -

Ni75-Cu25 10.00; 4.0 3.75; 1.1 1.25;0.3
Ni50-Cu50 10.00; 4.0 2.50; 0.7 2.50; 0.6
Ni25-Cu75 10.00; 4.0 1.25; 0.4 3.75; 0.9
Cul00 10.00; 4.0 - 5.00; 1.2
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are reported in the Supplementary Materials (Fig. S1-S3, vide infra).

2.3. Characterisations

Scanning electron microscopy (SEM) micrographs were collected by
means of a Zeiss Gemini 500 microscope equipped with a traditional
electron detector and a Bruker Quantax detector for energy dispersive X-
ray spectroscopy (EDS) microanalysis. Samples were deposited onto
SEM stubs using a double-adhesive carbon tape for SEM-EDS analysis.
Stabs were covered with a gold coating to avoid any charging effects by
means of an Edwards S150B sputter coater.

Transmission electron microscopy (TEM) micrographs were
collected by means of a JEOL JEM-2100Plus TEM operating with an
acceleration voltage of 200 kV with a 0.24 nm point-to-point resolution.
Samples were deposited onto carbon coated Cu TEM mesh grids by drop-
casting a dilute dispersion of the nanomaterials in acetone.

X-ray powder diffraction (XRD) patterns were recorded by means of
a Rigaku Miniflex 600. The acquisition was performed using a Cu source
(40 kV, 15 mA), scanning in the 10-70°26 range, with a step size of 0.02
degrees, and angular velocity 1.0 degrees per minute. Instrumental
PDXL-2 software is used for the sake of comparison with reference
diffraction patterns from the ICDD database.

The crystallite average size was estimated by means of the Scherrer
equation (Eq. (1)):

KA
T =
pcosd

where 7 is the average size of the crystalline domains (expressed in nm),
K is the shape factor (typically 0.9), A is the X-ray wavelength (0.154 nm
for a Cu source), p is the line broadening at half the maximum intensity
(FWHM) of the selected Bragg angle after subtracting the instrumental
line broadening (expressed in radians), and 6 is the Bragg angle
(expressed in radians). For the Ni ferrite systems, the Bragg angle
selected is the crystal reflection at ca. 20 = 35.7°, corresponding to the
Miller index (311).

The lattice parameters were calculated using the Instrumental PDXL-
2 software.

The magnetic characterisation was performed by Magnetometer
using a EZ-9 MicroSense Vibrating Sample Magnetometer (VSM), with
resolution of 1 pemu and maximum field of 2.25 T. The measurements
were performed at RT, with the material contained in quartz cuvettes.
The absence of any ferromagnetic contribution from the cuvettes was
verified before each measurement, and the intrinsic diamagnetic
contribution due to the quartz material was measured on empty cuvettes
and automatically subtracted.

Transmission Mossbauer spectroscopy (TMS) was conducted with a
commercial Wissel system in constant acceleration mode, at RT, and by
making use of a >’Co source embedded in Rh matrix. Samples for TMS
were in powder form, and the quantities used were 1.3231 g, 1.3878 g
and 1.3131 g for Ni100, Ni75-Cu25 and Ni50-Cu50, respectively.

Fe, Ni and Cu concentrations were determined by inductively
coupled plasma - optical emission spectroscopy (ICP-OES - Optima 7000
DV Perkin Elmer) equipped with a PEEK Mira Mist nebulizer, a cyclonic
spray chamber and an Echelle monochromator. The wavelengths were
238.204 nm (Fe), 231.604 nm (Ni), and 327.393 nm (Cu). Each con-
centration value was calculated considering the average value of three
instrumental measurements. The selected dissolution procedure was an
acid digestion carried out in a microwave oven (Milestone MLS-1200
MEGA). Three different sample aliquots were treated with 5 mL of
aqua regia in tetrafluoromethoxyl (TFM) bombs. Four heating steps of
5 min each (250, 400, 600, 250 W power respectively) were applied,
followed by a ventilation step of 25 min. At the end of the entire treat-
ment, the samples appeared completely dissolved. Finally, the resulting
solutions were diluted to 25 mL with high-pure water. A further dilution
(1:100) was necessary to determine the concentrations of Fe, Ni and Cu

Journal of Alloys and Compounds 981 (2024) 173628

in the three selected samples, namely: Nil00, Ni75-Cu25 and Ni50-
Cu50.

3. Results and discussion
3.1. Morphological and structural characterisation

Fig. 1 and Fig. S1 (Supporting Materials) report the SEM and TEM
morphological characterisation of Cu-substituted Ni ferrite samples,
whereas EDS microanalysis is reported in Fig. S2 (Supporting Materials).
In detail, SEM micrographs show that Ni100 sample (Fig. 1A) consists of
aggregates of polyhedral particles with average diameters in the approx.
50-200 nm range, whereas high resolution TEM micrograph (Fig. 1B)
points out the predominance of an octahedral organization [49,51]. The
introduction of Cu as doping heteroatom in the synthetic process causes
a gradually reduction of the average diameter of the ferrite nano-
particles, with Ni75-Cu25 (Fig. 1C) and Ni50-Cu50 (Fig. 1D) samples
showing their average size centred at ca. 100 nm and ca. 50 nm,
respectively, without altering the Ni ferrite original octahedral
morphology. Moreover, the presence of both Ni and Cu elements in both
Ni75-Cu25 and Ni50-Cu50 samples was confirmed by their relative EDS
microanalysis (Fig. S2, Supporting Materials).

Interestingly, in the case of samples at higher content of Cu (ie.,
Ni25-Cu75, and Cul00), a remarkable change in their morphologies and
structural organizations was registered. In fact, Ni25-Cu75 sample
shows an intrinsic heterogeneity, with presence of two distinct mor-
phologies. Some areas of the sample (defined as morphology (a)) are
organized as platelet structures partially included within a disordered
matrix (Fig. S1A, Supporting Materials). Vice versa, other areas of the
Ni25-Cu75 sample (defined as morphology (b)) are organized as ho-
mogeneous domains constituted by large grains sintered between each
other, whose average size is of several pm (Fig. S1B, Supporting Mate-
rials) [52]. In both these cases, the EDS microanalysis revealed the
presence of both Fe and O, together with traces of Na (coming from the
alkaline environment of the reaction medium), and surprisingly absence
of both Ni and Cu (Fig. S2, Supporting Materials). Finally, in the case of
Cul00 sample (Fig. S1C, Supporting Materials), it was registered the
co-presence of large octahedral particles (in Fig. S1C, Supporting Ma-
terials, it is also possible to appreciate the presence of a geminate) and
small platelet nanostructures. In the case of Cul00 sample, the EDS
microanalysis (Fig. S2, Supporting Materials) is extremely precious as it
allows to make a distinction of the elements forming the two nano-
structures. In details, octahedral systems registered the presence of Fe,
Cu, and O elements, whereas platelet nanostructures registered the
presence of only Cu and O, thus indicating a different chemical
composition between the two nanostructures.

X-ray diffractograms of Cu-substituted Ni ferrite samples are re-
ported in Fig. 2, and Fig. S3 (Supporting Materials). XRD patterns of Ni-
100, Ni75-Cu25, and Ni50-Cu50 samples show the main reflections at 20
= 18.4° (111), 30.3° (220), 35.7° (311), 37.3° (222), 43.4° (400), 53.8°
(422), 57.4° (511), and 63.0° (440), which can be associated to the
presence of a Ni ferrite crystal phase (card number 00-054-0964, ICDD,
Fig. 2) [53]. This behaviour clearly indicates that the crystal structure of
Ni ferrite (as in Ni100) is retained even in the case of the other two
Cu-containing samples (Ni75-Cu25, and Ni50-Cu50), and this agrees
with the outcomes deriving from the morphological characterisation
[54]. In the case of Nil00 sample, a weak single extra peak at ca. 26
= 33.1° has been registered, and this signal can be probably associated
to traces of either by-products or hematite (a-Fe;O3) crystal phase (card
number 01-089-2810, ICDD, vide infra).

Furthermore, XRD results reveal a Ni ferrite structure with a lattice
parameter “a” of 8.366 A in the case of Nil00 sample, 8.340 A in the
case of Ni75-Cu25 sample, and 8.358 A in the case of Ni50-Cu50 sample,
all of them larger than the reference one (ie., 8.337 A, from 00-054-
0964, ICDD), but in line with the literature [55], thus following the
order Nil00 > Ni50-Cu50 > Ni75-Cu25 (Table S1, Supporting
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Fig. 1. Morphological characterisation. Panels A, C, and D: SEM micrographs of Ni100 (A, top, left), Ni75-Cu25 (C, bottom, left), and Ni50-Cu50 (D, bottom, right).
Panel B: TEM micrograph of Nil00 (B, top, right). All SEM micrographs were collected at the same magnification.

Ni100
—— Ni75-Cu25 (311)
—— Ni50-Cu50

H 100 cps

[ 00-054-0964 NiFe,0,

Intensity (cps)

26 (%)

Fig. 2. XRD patterns of Nil100 (black line), Ni75-Cu25 (cyan line), and Ni50-
Cu50 (green line). XRD reference pattern: NiFe,O4 (00-054-0964, red).

Materials). Interestingly, the crystallite average size estimated by the
Scherrer equation (Eq. (1)) decreases with the Cu doping, following the
order Nil0O0 (47 nm) > Ni75-Cu25 (32 nm) > Ni50-Cu50 (26 nm)
(Table S1, Supporting Materials).

By further increasing the Cu content in the Ni ferrite samples, it has
been evidenced the appearance of different crystal phases associated to
the different morphologies registered. In particular, the intrinsic het-
erogeneity of Ni25-Cu75 sample is confirmed by the presence of the
main reflections at 20 = 30.1° (220), 35.4° (311), 43.1° (400), 53.4°
(422), 57.0° (333), and 62.6° (440), which can be associated to the
presence of the magnetite (Fe3O4) crystal phase (card number 01-074-
0748, ICDD. Fig. S3A, Supporting Materials) [56], and few weak re-
flections at 260 = 35.5° (11-1), 38.7° (111), and 48.7° (20—2), which
can be attributable to traces of tenorite (CuO) crystal phase (card

number 00-048-1548, ICDD, Fig. S3A, Supporting Materials) [57]. This
heterogeneity is also in agreement with both the morphological char-
acterisation and the EDS microanalysis. In fact, the platelet structures
can be associated to the presence of the tenorite (CuO) phase [58],
whereas the rest of the sample is attributable to magnetite grains.

Even the XRD pattern of Cul00 sample is a mixture between two
different crystal phases. In fact, Cul00 main reflections at 20 = 24.1°
(012), 33.2° (104), 35.6° (110), 40.8° (113), 49.4° (024), 54.0° (116),
57.6° (018), 62.4° (214), and 63.9° (300) can be associated to the
presence hematite (a-FeoO3) crystal phase (card number 01-089-2810,
ICDD, Fig. S3B, Supporting Materials) [59]. On the contrary, Cul00
reflections at 20 = 32.5° (110), 35.5° (11-1), 38.7° (111), 48.7°
(20-2), 58.3° (202), 61.5° (11-3), 65.8° (022), and 66.2° (31—1) are
attributable to the presence of tenorite (CuO) crystal phase (card num-
ber 00-048-1548, ICDD, Fig. S3B, Supporting Materials) [57]. Even in
this case, this behaviour agrees with the experimental evidences coming
from the morphological characterisation, as the presence of
Fe-containing octahedral systems can be correlated with the presence of
hematite (a-FeyO3) crystal phase [60], whereas platelet Cu-containing
nanostructures to the tenorite (CuO) one [58].

Therefore, the morphological and structural characterisation per-
formed on the different Cu-substituted Ni ferrite samples obtained
following the selected hydrothermal route evidences the key role played
by Cu atoms in the final nanomaterials, as follows:

(1) By partially substituting Ni with Cu, maintaining the nominal
degree of Ni substitution with Cu below 50%, the Ni ferrite
polyhedral morphology is retained, registering a gradual
decrease of the particle size, from ca. 200 nm (Nil00) to ca.
50 nm (Ni50-Cu50), along with the Cu substitution. The crystal
phase of the Ni ferrite is also retained for all samples (i.e., Ni100,
Ni75-Cu25, and Ni50-Cu50), however the XRD results reveal a
decrease of both the lattice parameter following the order
Nil00 > Ni50-Cu50 > Ni75-Cu25, and crystallite average di-
ameters, from 47 nm (Ni100) to 26 nm (Ni50-Cu50).

By substantially replacing Ni with Cu at higher degrees of sub-
stitution (i.e., more than 50%), the two systems produced (i.e.,
Ni25-Cu75, and Cul00) became heterogeneous, with co-presence

(2

—
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of different sub-families of nanoparticles, attributable to CuO and
iron oxides (i.e., either magnetite or hematite), and absence of
formation of Cu ferrite.

3.2. Magnetic and spectroscopic characterisation

Magnetic properties of Nil00, Ni75-Cu25, and Ni50-Cu50 samples
are evaluated by means of M(H) magnetisation curves measured by VSM
atRT (Fig. 3), whereas numerical parameters are summarized in Table 2.

All samples basically show superparamagnetic behaviours, as evi-
denced in the main panel of Fig. 3. The undoped Nil00 sample mag-
netisation curve, saturating at a value (M;) of ca. 48.5 emu g'l, can be
fitted by a Langevin function [61], holding a magnetic moment equal to
i =3.1x10* uB for each particle. A narrow hysteresis loop with
magnetic remanence (M;) of ca. 6.1 emu g'l, and an intrinsic coercivity
(Ho) of ca. 43.5 Oe, are anyway present [62]. The introduction of cu®t
ions within the Ni ferrite structure causes a reduction of the values of Mg
following the order: Nil0O (ca. 48.5 emu g'l) > Ni50-Cu50 (ca.
44.3 emu g'l) > Ni75-Cu25 (ca. 40.3 emu g'l), and the disappearance of
the hysteresis loop. Interestingly, the Langevin fit gives magnetic mo-
ments equal to y = 4.4 x 10* yB and 4.3 x 10* 4B for Ni75-Cu25 and
Ni50-Cu50 samples, respectively, thus essentially equivalent and larger
than in Ni100 (3.1 x10* uB). To give a rationale of this trend, trans-
mission Mossbauer spectroscopy (TMS) was performed on these
systems.

The TMS spectra of all Cu-substituted Ni ferrite samples (i.e., Ni100,
Ni75-Cu25, and Ni50-Cu50) show the presence of two magnetically-split
sextets, with an additional small unresolved central (paramagnetic)
doublet only for the sample Ni100, which takes up < 10% intensity
(Fig. 4). Table 3 summarizes the hyperfine parameters (isomer shift &,
quadrupole splitting A, hyperfine magnetic field By, and average line-
width I'), as obtained from the fit of the spectra by using the Vinda
software package [63]. The § are given relative to o-Fe.

By comparing the hyperfine parameters obtained from the fit of
Nil00 curve with those known for NiFe,O4 [64], we unambiguously
attribute the two sextets to the presence of Fe>" in the local tetrahedral
(lower Byy) and octahedral (higher Byg) configurations. By increasing the
Cu-dopant concentration, a trend is observed, which is depicted in Fig. 5
(where the x-axis is the relative % of Ni). By adding Cu to the un-doped
NiFe;04 (sample Nil00), we observe a gradual lowering of the Fe3t
fraction in the octahedral sites corresponding to an increased fraction of
Fe3" occupying the tetrahedral sites (Fig. 5C). However, it should be

30
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Table 2

Magnetic properties of Cu-substituted Ni ferrite samples measured at RT.
Sample name M (emu g) M, (emu g) H, (Oe)
Ni100 48.5 6.1 43.5
Ni75-Cu25 40.3 0.0 0.0
Ni50-Cu50 44.3 0.0 0.0

® Nil00 data
—Ni100 simulation
—Fe3+ tetra
—Fe3+octa
——Doublet

® Ni75-Cu25 data
——Ni75-Cu25 simulation

—Fe3+tetra

Relative Transmission

—Fe3+ octa

® Ni50-Cu50 data
—Ni50-Cu50 simulation
—Fe3+tetra

—Fe3+ octa

Ni50-Cu50
11109 8-7-6-5-4-3-2-1012345678 91011

Velocity (mm/s)

Fig. 4. TMS spectra obtained at RT for the Nil00 (top), Ni75-Cu25 (middle)
and Ni50-Cu50 (bottom) samples.

Table 3

Hyperfine parameters (isomer shift §, quadrupole splitting A, hyperfine mag-
netic field Byg, and average linewidth I") obtained from the fit of the TMS spectra
of samples Ni100, Ni75-Cu25 and Ni50-Cu50. The relative spectral area (%) is
also indicated, by assuming an identical recoilless factor equal to 1.

By (T)

48.63(3)
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Fig. 3. Magnetisation curves M vs. H of Nil100 (black line), Ni75-Cu25 (cyan

line), and Ni50-Cu50 (green line). Inset shows the magnetisation curve
enlargement in order to highlight the middle section of the hysteresis loop.
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pointed out that while VSM probes the volume-magnetic behaviour of
the samples, TMS probes the local hyperfine magnetic field at separate
Fe sites (both tetrahedral and octahedral sites). TMS shows a gradual
lowering of the Bpsat both tetrahedral and octahedral sites by increasing
Cu content (Fig. 5B), while VSM observes a higher M value for the
Ni50-Cu50 sample compared to the Ni75-Cu25 sample, thus suggesting
a possible stronger intergrain magnetic coupling in the Ni50-Cu50 case,
to which TMS is not sensitive. In the stoichiometric NiFe;O4 (Ni100
sample), the macroscopic magnetisation only comes from the Ni2* ions
at the octahedral sites, since the Fe®" ions in the tetrahedral and octa-
hedral sites contribute equally but with opposite magnetic moments,
thus providing an overall null contribution to the magnetisation [65].
According to the study by Kumar et al. [54] regarding analogous
Cu-substituted Ni ferrite systems, the introduction of Cu?" at the ex-
penses of Ni2t causes a partial replacement of Fe>* atoms from the
tetrahedral A-sites by means of Cu?" ions, with migration of Fe3* ions
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Fig. 5. Cu-concentration dependence of the (a) isomer shift, (b) hyperfine magnetic field, and (c) relative spectral area, as obtained following the fit of the TMS
spectra shown in Fig. 4, as a function of the Ni concentration. The area fraction for Ni100 was normalized to the total magnetic fraction (octahedral and tetrahedral

contribution).

from the tetrahedral A-sites to the octahedral B-sites. This phenomenon
causes an increment of the Fe3* concentration in the octahedral B-sites,
and consequently an increase of the magnetic moment contribution due
to the B-sites. Furthermore, the substitution of Fe>* ions with Cu®>" ones
in the A-sites causes a further reduction of the magnetic moment
contribution due to the A-sites. The overall contribution of both A-sites
and B-sites corresponds to an increment of the magnetisation, following
the order from bare NiFe;O4 to NigsCug sFesO4. Even Rais et al. [40]
reported that the substitution of Ni2* with Cu?' in Ni ferrites causes a
preferential replacement of the Fe®" ions (0.67 }o\) from the tetrahedral
A-sites with the larger Cu®" ions (0.72 10\), and the consequent replace-
ment of Ni2T ions (0.69 A) with the smaller Fe3>" ones within the octa-
hedral B-sites. On the contrary, Al-Rawas et al. [41] reported the
preferential tendency of Cu®>" ions to occupy the octahedral B-sites.

In our case, the TMS data confirm that the increment of Cu®* ions
causes a progressively reduction of the contribution due to Fe** ions at
the octahedral B-sites, with a tendency of Fe>' of preferentially occu-
pying the tetrahedral A-sites. This datum suggests that Cu®* ions prob-
ably tend to occupy the octahedral B-sites rather than the tetrahedral A-
sites. This hypothesis is also in agreement with the magnetic charac-
terisation. In fact, if the introduction of Cu?' ions in the Ni ferrite
structure leaves almost unaltered the composition of the tetrahedral A-
sites (occupied primarily by Fe>* ions), the progressively replacement of
both Ni2" and Fe>" ions at the octahedral B-sites with Cu®* ions causes
an overall decrease of the magnetisation saturation. Furthermore, the
nonlinear trend existing between magnetisation vs. Cu content experi-
mentally registered in our study, with higher My value for Ni50-Cu50
(ca. 44.3 emu g’l) sample compared to that of Ni75-Cu25 (ca.
40.3 emu g) sample, can be partially explained by considering the
literature. In particular, Gabal et al. [66] registered a decrease of the Mg
value from bare Ni ferrite to the Cu-Ni mixed ferrite with 0.3 of Cu molar
content, followed by a slight increment at 0.5 of Cu content, and
attributed this phenomenon to the cation distribution and Neel’s model.
However, it should be also considered the possibility that by increasing
the concentration of Cu®* ions, it is possible that they can partially
substitute Fe>* species even in the tetrahedral A-sites, thus causing also
a decrease of the magnetic moment contribution due to the A-sites,
giving an overall slight increment of the magnetisation [54]. Even
Jnaneshwara et al. [67] registered a decrease of the coercivity values by
increasing the Cu content, and attributed this phenomenon to the small
magnetic anisotropy of cu®* ions.

In order to give a rationale to the data here obtained, at least in the
case of the stoichiometric Ni100 sample, the main contribution to the Mg
is given by the presence of the Ni?* ions occupying the octahedral B-sites
(as the Fe>' ions contribution is null since they stoichiometrically
occupy both tetrahedral A-sites and octahedral B-sites), whereas the
coercivity value and the presence of an hysteresis registered for the

Nil00 sample can be explained considering the different particle size/
domain structure of this sample [68,69]. According to the TMS analysis
and the magnetisation curves, the introduction of Cu®" in the Ni ferrite
structure surely causes a reduction of the Fe>* ions contribution at the
octahedral B-sites and a consequent Mg reduction. In principle, both
these evidences could be potentially associated to a gradual occupation
of the octahedral B-sites by the Cu?" ions, but this is a speculation as
with TMS analysis it is possible to monitor only the fate of iron atoms,
and not the fate of copper ones. However, this last assumption is also
consistent with the results by Dey et al. [70], where the authors reported
that in analogous systems constituted by Cu-doped Ni ferrites, Cu ions
preferentially occupied the octahedral B-sites meanwhile some of them
occupied also the tetrahedral A-sites, thus consequently Fe ions
migrated to the octahedral B-sites for maintaining the charge equilib-
rium and chemical composition stoichiometry. A decrease of the mag-
netisation saturation with the Cu-doping in Ni ferrite has also been
registered by Sukumar et al. [71], and authors attributed such decrement
to different factors, such as: lattice defects, random magnetic, magnetic
super exchange interactions, cationic redistribution, and orientation of
spins.

For completeness, the metal composition of Cu-Ni ferrite samples
(namely, Nil00, Ni75-Cu25, and Ni50-Cu50) has been measured by
means of ICP-OES. Numerical values reported in Table 4 confirm the
gradual reduction of the Ni content within the ferrite samples following
the order Nil00 > Ni75-Cu25 > Ni50-Cu50, coupled with the incre-
ment of Cu content following the opposite order Ni50-Cu50 > Ni75-
Cu25 > > Nil00 (i.e., in this last case, obviously, Cu is absent). What is
interesting, is the behaviour of iron which follows the order
Nil00 > Ni50-Cu50 > Ni75-Cu25, thus suggesting that the Ni75-Cu25
sample has less Fe content than both Nil00 and Ni50-Cu50 samples.
Interestingly, this trend is also in agreement with the decrease of the
lattice parameter registered for the three samples analysed. This
particular behaviour could be associated with the influence of Cu?*
substitution in the Ni ferrite structure, with a preferential replacement of
Fe®* from the octahedral B-sites toward the tetrahedral A-sites. Addi-
tionally, by considering the sum of the contribution of the chemical el-
ements able in providing a magnetic response (i.e., both Fe and Ni) for
the three ferrites samples here considered, it follows the order:
Nil00 > Ni50-Cu50 > Ni75-Cu25, still in agreement with the M; trend

Table 4
Fe, Ni and Cu concentrations determined by means of ICP-OES (data are
expressed as g kg™ + SD).

Samples name Fe (g kg) Ni (g kgh) Cu (gkgh
Nil00 448 + 17 223 +8 <2
Ni75-Cu25 354 +22 134+9 58 + 4
Ni50-Cu50 426 + 18 102+5 111 +5
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reported in Table 2.
4. Conclusions

The present study focuses on the effect of Cu-substitution into Ni
ferrite systems produced following a hydrothermal route carried out at
relatively mild conditions, namely at temperature below 200 °C.
Different degrees of substitution were investigated, ranging from bare Ni
ferrite to a complete Cu-substituted system (by replacing 100% of Ni
with Cu). Morphological and structural characterisation points out that
the introduction of Cu in the Ni ferrite causes a gradual reduction of the
average diameters of the ferrite polyhedral nanoparticles, from approx.
200 nm in the case of Ni100 sample (bare Ni ferrite), to 50 nm in the
case of ferrite with nominal 50% substitution (Ni50-Cu50), without
altering the Ni ferrite crystal phase, but revealing a decrease of both the
lattice parameter following the order Ni100 > Ni50-Cu50 > Ni75-Cu25,
and crystallite average diameters, from 47 nm (Nil100) to 26 nm (Ni50-
Cu50).

At higher content of Cu (75%-100% Ni substitution), instead, the
morphology evolves toward a heterogeneous system registering the co-
presence of the different oxides, namely hematite/magnetite and ten-
orite, and absence of Cu ferrite phase.

Magnetic properties of Ni100, Ni75-Cu25, and Ni50-Cu50 samples
evidence that all samples are mostly superparamagnetic. The introduc-
tion of Cu®" ions in the Ni ferrite causes a reduction of the values of
magnetisation saturation, and the disappearance of the hysteresis loop.
Transmission Mossbauer spectroscopy performed on these samples evi-
dences the presence of Fe in the local tetrahedral and octahedral con-
figurations. By increasing the Cu-dopant concentration, a gradual
lowering of the Fe fraction in the octahedral sites is observed corre-
sponding to an increment of the Fe fraction in the tetrahedral A-sites.
Lastly, the metal composition of Cu-Ni ferrite samples has been
measured by means of ICP-OES, confirming the gradual reduction of the
Ni content within ferrite samples following the order Ni100 > Ni75-
Cu25 > Ni50-Cu50, coupled with the increment of Cu content following
the opposite order Ni50-Cu50 > Ni75-Cu25 > > Nil00. Interestingly,
the Fe content follows the order Ni100 > Ni50-Cu50 > Ni75-Cu25, thus
suggesting that the Ni75-Cu25 sample has less Fe content than both
Nil00 and Ni50-Cu50 samples. This particular behaviour could be
associated with the influence of Cu substitution in the Ni ferrite struc-
ture, with preferential replacement of Fe from the octahedral B-sites
toward the tetrahedral A-sites.
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