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ABSTRACT

The spinel ferrite systemsNig 44xZnos—xCey,Fea_yO4 (0 < x+ y < 0.3) were synthesized by a modified glycol-
thermal technique. X-ray diffractometer (XRD) confirmed formation of single phase cubic spinel structure
with average crystallite sizes 8-21 nm. The crystallite sizes were found to be in agreement with the particle sizes
obtained from the high resolution transmission electron microscopy (HRTEM) indicating formation of single
domain nanoparticles. Scanning electron microscopy (SEM) showed a homogeneous spread of semi-spherical
nanoparticles. Brunauer-Emmett-Teller (BET) revealed specific surface area ranging between 64 and 108 m2/
g, while Barrett-Joyner-Halenda (BJH) showed the pore sizes varying between 48 and 126 nm. Cation distri-
bution obtained from Rietveld refinement revealed all Ce>* occupied B- sites whilst Ni2*, Zn?", Fe3* occupied
both A and B sites. Magnetization measurements were performed using the vibration samples magnetometer
(VSM). The saturation magnetization varied between 51 and 60 emu/g, while the coercivity dropped from 114 to
890e. The remnant magnetization varied between 3 and 12 emu/g. A correlation was observed between the
saturation magnetization and the effective magnetic moments confirming cation distribution to be reliable. A
strong correlation between initial susceptibility and unit cell volume was found. The crystallite sizes varied
inversely with initial magnetic susceptibility. The magnetic characteristics of presented materials make them
useful in high frequency device applications and has potential use as contrast agent in magnetic resonance
imaging (MRI). >’Fe Méssbauer spectroscopy revealed the strengthening of ferromagnetic coupling. Gas sensing
tests revealed a decrease in sensing response with the transition from paramagnetic state to ferromagnetic state.
The Nig 4Zng ¢Fe204 sample showed the best sensing response to SO3 at 100 °C compared to CO gas. However, at
150 °C the sample was more sensitive to CO gas than SO, gas.

1. Introduction

AB,04, where A represent divalent metal ions and B is a trivalent metal
ions that reside in the 8 tetrahedral and 16 octahedral sites of the spinel

Spinel ferrite materials have been widely investigated in recent years
due to their remarkable electrical and magnetic properties. These at-
tributes render them suitable for diverse applications, including infor-
mation storage systems, refrigeration, gas sensing, high infrequency
devices, ferro-fluid technology, magneto-caloric refrigeration and
medical diagnosis [1,2]. Spinel ferrites are of the general formula
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lattice, respectively [1]. The distribution of cations between the A and B
sites categorizes spinels as normal, inverse, or mixed. The cations dis-
tribution play a role in determining the magnetic state of the ferrites. It is
the dual property of electric and magnetic effects exhibited by these
materials that has spurred extensive research for a variety of application
in both bulk and nano-sized dimensions [3]. These properties are
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heavily influenced by synthesis techniques, structural changes, cation
distribution and composition, stoichiometry, and annealing conditions
[4-7]. Conduction in spinel ferrites occurs via charge carriers (electrons
or holes) that can transfer between cations [8].

The unique magnetic and electrical properties of the soft magnetic
semiconducting Ni-Zn ferrites make it one of the most versatile materials
associated tuneable magnetic properties for applications such as mag-
netic transformer cores, high frequency devices, contrast agents in
magnetic resonance imaging (MRI), filters, read/write magnetic heads
and isolators [9-11]. Furthermore, soft magnetic Ni-Zn ferrites have
been reported to have a degree of sensing for reducing gases [12-15]. In
general, a material with a high surface area is required to have effective
gas sensing characteristics, and Ni-Zn ferrites possess these character-
istics [16]. The magnetic and gas sensing characteristics of Ni-Zn ferrites
nanoparticles rely significantly on factors such as morphology, compo-
sition, surface charge density. These properties are sensitive to the
preparation methodology employed during their synthesis.

Rare-earth (RE) metals possess unpaired 4f electrons, and their
substitution in spinel ferrites, induces interactions between Fe-RE ions.
This interaction leads to alterations in structural parameters such as
particle size and surface strain resulting, consequently impacting
various physical properties [1]. The magnetic interactions and electrical
resistivity of ferrimagnetic or ferromagnetic materials are typically
governed by interactions between Fe-Fe ions. The introduction of RE
ions into the spinel crystal lattice of a ferri/ferro-magnetic materials,
initiates an interaction between Fe-RE ions, resulting in changes in the
magnetic and electrical properties of the ferrites [17]. This is expected to
significantly modify the magnetic characteristics and influence gas
sensing properties. Therefore, by substituting RE>"ions, it becomes
possible to modify the magnetic characteristics of Ni-Zn ferrites. How-
ever, RE ions exhibit a low solubility limit in spinel ferrite and can easily
form secondary orthoferrite-phase (REFe304) beyond their limit. The
formation of secondary phase can negatively affect the magnetic and
sensing properties. To mitigate this, a careful approach involves intro-
ducing a small amount of RE ions and selecting an appropriate synthesis
method to stabilize the RE ions within the spinel structure [18].

The properties of ferrite nanoparticles are influenced by composition
and microstructure, both of which are sensitive to synthesis method. A
number of researchers have investigated the structure, magnetic and gas
sensing properties of spinel ferrites [19-22]. O. Abd-Elkader et al. [23],
investigated the structure, magnetic and gas sensing characteristic of
CoWyFey 2,04 ferrites synthesized by sol-gel method. They reported
increased magnetization at low concentrations of W*" ions. The
magnetization decreased with an increase in the concentration of W**
ions. This reduction was associated with the redistributions of Fe ion on
tetrahedral and octahedral sites. They further reported
that CoWg 15Fe; 9704 is better suited for detecting for acetone gas
sensing at 200 °C compared to ammonia and ethanol. Joshi et al. [24],
explored the impact of Ni substitution on the gas sensing properties of
cobalt ferrites synthesized by co-precipitation method. They discovered
that the introduction of Ni?* ions into cobalt ferrite exhibited a preferred
selectivity for CO gas at higher temperature of 325 °C and ethanol gas at
relatively low temperature of 250 °C. They also observed that both
undoped cobalt ferrite and undoped nickel ferrite exhibit a comparable
response for both these CO and ethanol gases. Qayoom et al. [25], used
the combustion method to synthesize NipsZn,Mgos_xFeoO4 ferrites.
They investigated the structural characteristics and the gas sensing
properties towards ammonium (NHj3) at room temperature. They
concluded that Niy 5Zn, Mgy s_xFez04 ferrites are effective for detecting
ammonia vapor at room temperature. The response of spinel ferrites to
reducing gases is inherently unpredictable. The gas sensing response is
influenced by not only morphology but also by material composition,
cation distribution, type of gas, gas concentration, operating tempera-
ture, synthesis technique, and the material microstructure [16,26]. It is
well known that in most materials, the electron interaction has a much
stronger effect than the magnetic interaction for gas sensing. Magnetic
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interactions can influence the electrical properties of a material [27].
However, the relation between the sensing and the magnetic properties
is still yet to be understood.

Various synthesis methods, such as glycol-thermal and sol-gel [28],
co-precipitation [29], ball milling [30], hydrothermal [31], refluxing
[32], and auto-combustion [33], have been employed to fabricate ferrite
nanoparticles. Development of high quality ferrites materials at
economical costs to meet specific application requirements poses a
continuous challenge for researchers. Among various synthesis tech-
niques, the glycol-thermal method has garnered significant attention
due to its advantages, particularly its ability to generate smaller particle
sizes. Moreover, the glycol-thermal method is recognized as a
cost-effective, simple, and efficient approach for producing a diverse
range of ferrite materials.

This work reports the effect of substituting Ce®>" ions while varying
the fractional population of nickel and zinc at the A and B sites on
structural, magnetic, and gas sensing properties. Ce>" ions are hardly
influenced by the surrounding ions due to the 4f shell being well shiel-
ded by the 5s%5p® layer of electrons. The Ce-Fe interaction in Ni-Zn
ferrites is said to be caused by the occurrence of 4f - 3d couplings with
due to addition of Ce>* ions [34]. Therefore, the substitution of Ce in
Ni-Zn ferrite is expected to alter the magnetic properties. The materials
were further tested for their sensing response to SO, and CO gases.

2. Experimental
2.1. Materials and synthesis procedure

A series of samples Nig 4Zng gFe204 (S1), Nig 4Zng ¢Ceg.1Fe1.904 (S2),
Ni0_6ZnO_4Ceo_1Fe1.9O4 (53), and Ni0.5ZI‘10.5Ceo.1F61_904 (54) were fabri-
cated via a modified glycol-thermal technique. Stoichiometric amounts
of NiCl; (98 %), ZnCl; (98 %), CeCl37H50 (99.9 %) and FeCl36H50 (98
%) were dissolved in 100 mL of deionised water. The pH of the solution
was adjusted to about 10 by gradual addition of ammonium hydroxide
solution under vigorous stirring using a magnetic stirrer. The formed
precipitate was washed several times with deionized water using
filtration method. The cleaned precipitate (without presence of chlo-
rides) was dissolved into a 300 mL of ethylene glycol and transferred
into a glass lining in a 600 mL stain- less steel pressure vessel (Watlow
series model PARR 4843 reactor). The solution was stirred at 300 rpm at
200 °C for 6 h. The reaction pressure was allowed to rise to 100 psi. The
glycol-reacted precipitate was washed again using deionized water. The
obtained samples were heated in an oven at 200 °C for 4 h in air at-
mosphere and finally quenched to room temperature to obtain the as-
prepared samples.

2.2. Characterization techniques

X-ray diffraction (XRD) analysis was performed for phase identifi-
cation using Cu-Ka radiation (1 = 1.5406 }D\) on a Bruker D8 Advance
diffractometer in the Bragg-Brentano Geometry. The microstructure and
morphology were investigated using a Joel JEM2100 high-resolution
transmission electron microscopy (HRTEM) and a Zeiss Evo LS15
scanning electron microscopy (SEM). BET and BJH were used to deter-
mine specific surface areas and average pore sizes. Measurements were
conducted at 77 K on a Tristar II instrument manufactured by Micro-
meritics (USA). A Renishaw in Via Raman microscopy was used to
investigate structural configurations and confirm spinel structure. Room
temperature %’Fe Mossbauer spectroscopy was used to extract infor-
mation about the magnetic interaction, and the oxidation state of Fe
ions. A Physical Property Measurement system DynaCool 12 T equipped
with a vibrating sample magnetometer (VSM) was used to determine the
room temperature magnetic properties. Gas sensor fabrications and tests
were performed on a KSGA565 KENOSISTEC instrument from Italy, as
described previously [35].
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Fig. 1. Rietveld refined XRD pattern of samples S1(a), S2 (b), S3 (c), and S4 (d).

Table 1
Synthesized Nig 4, xZng ¢—_xCeyFe,_,04 samples with corresponding labels.
x y Composition Sample labels
0 0 Nig.4Zng eFe204 S1
0 0.1 Nig4ZngCeg.1Fe; 904 S2
0.1 0.1 Nigs5ZngsCeq1Fe; 904 S3
0.2 0.1 Nig.eZng.4Ceg1Fe; 904 S4

3. Results and discussions
3.1. Structural and morphology analysis

The crystal structure of the samples were analysed by Rietveld
refinement using the Fullprof Suite software package on the collected
XRD patterns [36]. The model for refinement was based on assumed
Zn?* and a fraction of Fe>* jons occupied tetrahedral sites whilst Ce3™,
Ni%* and the other fraction of Fe>* ions all occupied the octahedral sites.
The atomic occupation fractions at tetrahedral 8a (1/8,1/8,1/8) and
octahedral 16d (1/2,1/2,1/2) Wyckoff sites were refined in mutual
constraint to avoid over or under population of specific sites [37]. The
atomic positions of oxygen ( u), at the 32e Wyckoff sites, were refined

Table 2

along with the lattice parameters (a). Fig. 1 show the XRD patterns of the
samples labelled S1, S2, S3 and S4 and their corresponding compositions
in Table 1.

The refined XRD patterns show pure single-phase cubic spinel
structures belonging to the space groupFd3m. The quality of the fits to
the experimental data is satisfactory. The goodness of fit 2, profile
experimental and weighted reliability index factors Reyy (%) and Ryp (%)
respectively are recorded in Table 2 together with other structural pa-
rameters. These values are within the range of reported values in the
literature [38-41]. The crystallite sizes based on the refined data were

calculated using the Scherer formula txgp = ﬁc% where 1 is the X-ray

beam wavelength, 6 is the Bragg’s angle, § describes the peak broad-
ening characterized by the full width at half maxima of the most intense
311 peak, and k is the shape factor set to be 0.94 [42]. Fig. 2 shows the
polyhedron of the refined crystal structure corresponding to the S4 XRD
pattern [26].

The XRD crystallite and TEM particle sizes in Fig. 3(a) are shown to
be roughly of equal sizes which show consistence in the two measure-
ments. The variation of the lattice parameter a in Fig. 3(b) appears to be
significantly influenced by the substitution of smaller size Fe®* ions
(ionic radius 0.64 [o\) by larger ce®* ions (1.01 [o\) which accounts for
increased a for S2. Lower values of a with Ce substitution for samples S3

Particle sizes (trgy) from HRTEM images, Rietveld refined crystallite sizes ( txgp), full widths at half maximum ( ), density ( p), cubic cell volume ( Vp), lattice
parameter ( a), the goodness of fit parameter ( y2), profile experimental reliability index factor ( Rexp) and profile weighted reliability index factors ( Rwp).

Sample LrEM (nm) LxRD (nm) p P (g/em3) Vo (as) a Ve Rexpo6) Rup %)
S1 8.1(1) 7.9(1) 0.33 5.417 584.68(9) 8.36192(8) 1.31 10 13
S2 12.6(2) 11.3(5) 0.46 5.565 587.15(6) 8.38315(5) 1.47 12 15
S3 21.1(4) 19.5(5) 0.84 5.820 586.17(3) 8.36899 (2) 1.32 10 12
S4 15.9(1) 13.2(3) 0.58 5.929 585.17(4) 8.36424 (3) 1.15 09 11
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Fig. 2. Illustration of a cubic spinel structure (space groupFd3m) based on XRD
pattern of S4. The illustration was created using the structural visualization
software VESTA [26].

and S4 can be attributed to reduced content of larger Zn®* jons (0.74 f\)
due to substitution by smaller Ni%* ions (0.69 A) [43]. This can be
justified numerically by assuming that increments in lattice parameters
depend linearly on ionic radii r; and concentrations of substituting ions
(x and y). In the present case for Nig4;xZnge—xCeyFes_yO4 with
increased Ce>* and Ni%*, we may assume increments in the form of

Aa = A (rce — ree)y + Ax(rni — zn)X (€D)

where A; are constants associated with substitutions at octahedral and

.—D—t (a.)

0.0 01
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tetrahedral sites.

ForA; ~ Ay = A, the parameter Aa/A ~0, 0.037, 0.032 and 0.027 A
forx +y =0, 0.1, 0.2 and 0.3 respectively that confirms the trend forain
Fig. 3(b).

The substitutions can also cause distortion in the crystal lattice of the
host compound that can lead to the formation of pseudo-cubic phases
and enhancement of the lattice parameters. From the Rietveld refine-
ment results of XRD patterns, full width at half maximum (FWHM) given
in Table 2 increased with the introduction of Ce®" and increased Ni?*
ions that may indicate increased stacking faults and some structural
disorder [28]. The average bond lengths are recorded in Table 3 were
extracted from the BondStr program included in the Fullprof Suite soft-
ware package. The values are in agreement with those reported in the
literature [29,30]. Other calculated parameters from the package are
given in Table 4. These include average bond lengths on A and B sites
presented in Fig. 4(a). A decrease in R from S1 to S2 is attributed to the
changes due to the introduction of Ce3* ions into the Ni-Zn spinel
structure causing relative displacement of the oxygen ions at the B sites
and produce shrinkage in bond length at the A sites. This shrinkage is
largely linked to more covalent bonding of cation-anions at A sites
compared to the B sites [31]. However, at higher Ni*" content between
S3 and S4, there is a decrease in bond length Rp and an increase inR,.
This may indicate more covalent bonding at the B sites in comparison to
the A sites [41]. The magnetic ion hopping lengths L, and Ly are also
given in Table 4 and plotted as a function of x + y in Fig. 4(b) appear to
correlate well with lattice constants and differences in ionic radii of
constituent ions.

The refined oxygen positional parameter (u) given in Table 4 and

0.2580
8.384] (b)
8376 10.2565
= : <
L~
8 368 ! 10.2550
8.360 t0.2535

0.0 0.1 0.2 0.3

X+

Fig. 3. (a) Compositional dependences of crystallite sizes txgp and particle sizes trgy for samples S1-S4. (b) The compositional variation of lattice constants aand

oxygen positional parameters ().

Table 3

Bond structure for samples S1-S4 obtained from the BondStr program distributed within the Fullprof Suite software.
Bonds s1 (&) s2 (A) s3 (A) S4 (A)
0)-() 3.5154(14) 3.0154(13) 3.1336(8) 3.0732(8)
) - (FeA) 1.8683(5) 1.7884(6) 1.9189(4) 1.8819(4)
(0) - (Fe?) 2.0576(8) 2.1142(13) 2.0324(7) 2.0509(7)
(0) - (Ce®) - 2.1142(13) 2.0324(7) 2.0509(7)
) - (NiB) 2.1099(8) 2.1142(13) 2.0324(7) 2.0509(7)
(0) - (Zn™) 1.8683(5) 1.7835(6) 1.9189(4) 1.8819(4)
(Fe®) - (Ni®) 2.7620(5) 2.9639(13) 2.9589(8) 2.9572(8)
(Ni®) - (Ce®) - 2.9639(13) 2.9589(8) 2.9572(8)

Table 4

Oxygen anions positional parameter (u), hopping length (L,) and (L) of charge carriers between A and B sites, Ionic packing coefficient (P,), (Pg), degree of ionic

packing (a), and tolerance factor (T) for S1-S4 samples.

Samples u La &) Lg &) Py Py a T

S1 0.2540(2) 3.6208(8) 2.9564(8) 0.2935 0.3585 0.5827 1.0237
S2 0.2558(2) 3.6300(5) 2.9639(5) 0.2919 0.3757 0.5861 0.9887
S3 0.2574(2) 3.6218(3) 2.9572(3) 0.2686 0.3564 0.5817 1.0258
S4 0.2549(2) 3.6239(2) 2.9589(2) 0.2121 0.3505 0.5841 1.0315
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Fig. 4. . (a) Average bond lengths R, and Rg for A and B sites respectively for S1-S4 samples. (b) The magnetic ion hopping lengths (L) and (L ) for A and B sites

respectively for S1-S4 samples.
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Fig. 5. (a) Packing factorP, and Pgfor A and B sites respectively for S1-S4 samples. (b) Variation of fulfillment coefficient awith S1-S4 samples.

Table 5
Estimated cation distribution based on atomic site occupation for samples.

Sample Tetrahedral A- sites Octahedral B-sites
s1 Zno.s18Feo 519 Zno.119Nio 4Fe1 481
S2 Zno.439Nio.032Feq.520 Zno.161Nio 368 Ceo.1Fer 371
S3 Zno 473Nio.111Feo.416 Zng 027Nio.330Ceo.1Fe1 484
S4 Zno 307Nio.104Feo 580 Zno.093Nio.496Ceo.1Fer1 311

plotted in Fig. 3(b) provides some insight into the degree of distortion of
the spinel lattice. Depending on the centre of symmetry, the ideal values
of u are 0.250 with the origin taken at the octahedral B-site and 0.375 if
the centre of symmetry is at the tetrahedral A-site [44]. The centre of
symmetry for the reported samples here was taken to be at the octahe-
dral site. In general, u > 0.250 for most materials reported in literature
[44,45]. This is consistent with the present set of values in Table 4.
The structural factors T in Table 4 were estimated using the equation

1 [ra—+ Ro) 1 ( Ro )
T=— + — 2
\/§<”B+Ro V2 \ra+Ro @
where Ry is radius of the oxygen ions (1.38 A) [33,34] while ry and r
are the ionic radii at the tetrahedral site and octahedral site respectively.
The values of T are very close to unity for all samples which indicate

minor presence of defects.
The values of the fulfilment coefficient @ and packing ionic co-

efficients P; (where i = A,B) in Table 4 are all less than 1. This indicates
some presence of cation/anion vacancies on both tetrahedral and octa-
hedral sites [35,36]. The compositional dependences are shown in Fig. 5
(a) and (b) for P; and « respectively. P, decreases more significantly than
Py to indicate dominant 7Zn%" vacancies at the tetrahedral A sites [45].
The variation of the fulfilment coefficient of the unit cell in the range
0.582-0.585 appears to confirm mixed inverse-normal spinel phases
[45]. The cation distribution shown in Table 5 was estimated from the
site occupancy (g) of individual atoms.

The starting model assumed all Zn ions in the A sites and a fraction of
Fe ions in the A and B sites, Ni and Ce ions all occupied the B sites [37].
The atomic coordination (x; = y; = 2;) and their respective g values are
recorded in Table 6. To distribute the cations accordingly, the distri-
bution was constrained to preserve the stoichiometric compositions of
the samples (i.e., A;B204). As expected, most Zn?* ions occupy the A
sites whilst minor Zn?" ions are observed on the B sites. Furthermore,
Ni2* inversion was also observed with the introduction of Ce>* ions on
the B sites. The inversion is attributed to the nano-particle nature of the
synthesized samples.

HRTEM images and particle size distributions for the samples are
presented in Fig. 6. The shapes of the nanoparticles range from semi-
spherical to spherical shapes, and are semi-uniformly dispersed. Some
of the nanoparticles were agglomerated which could be ascribed to
magnetic interactions and presence of weakly interacting van der Waals
interactions [46]. The average particle sizes obtained from HRTEM

Table 6

Atomic coordination (x;,y;,2;) and occupancy (g) for the reported samples.
Atom Slxi =yi =2 g S2xi =yi =2 g S3xi =yi =3 g S4xi =yi =z g
Fe? 0.125 0.519 0.125 0.529 0.125 0.416 0.125 0.589
Zn? 0.125 0.481 0.125 0.439 0.125 0.473 0.125 0.307
Ni? 0.500 0.400 0.500 0.368 0.500 0.389 0.500 0.496
Ce? - - 0.500 0.100 0.500 0.100 0.500 0.100
Fe® 0.500 1.481 0.500 1.371 0.500 1.484 0.500 1.311
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Fig. 6. HRTEM micrographs of S1 (a), S2 (b), S3 (c), and S4 (d) samples and their corresponding particle size distributions.

micrographs using ImagelJ software [47] are tabulated in Table 2 also
presented in Fig. 3(a). The concentric circles of the diffraction patterns
in the insets of Fig. 6 indicate the polycrystalline nature of the nano-
particles with well-resolved lattice fringes which for d values near 0.300,
0.495, 0.330 and 0.260 nm correspond to lattice planes {220}, {111},
{311} and {400} respectively. SEM micrographs of as-synthesized
ferrite samples in Fig. 7 show monodispersed, semi-spherical, and ag-
gregates that further substantiate the HRTEM results.

BETand BJH measurements were conducted in order to determine
the specific surface area (SSA) and pore-size distribution. Fig. 8 show
results of typical measurements for sample S3. In fact, all samples
exhibited similar IV isotherms with H1-type pressure hysteresis loops at
relatively low pressures. This resembles the mesoporous MCM-41 ma-
terial with homogenous pore distribution. The inset insert in Fig. 8
shows the average pore size that contributes dominantly to pore volume.
The SSAs and average pore sizes are listed in Table 7. These parameters
have significant effect on gas sensing properties. Large surface area leads
to enhanced reaction between oxygen species and detected gas mole-
cules [40]. In addition, porous materials have also been shown to be
effective at enhancing gas sensing abilities [41].

3.2. Raman spectroscopy results

Raman spectroscopy is a sensitive tool that can be used to investigate
structural configurations and transitions, lattice dynamics, and cation
distribution for spinel ferrites. This owes to its spatial resolution to
explore atomic vibrations for materials that exhibit Raman active
vibrational modes. The Rietveld refinement results confirmed mixed
cubic spinel structure belonging to Fd3m space group consisting of two
A-B sublattices having 56 atoms in a complete unit cell and 14 atoms in
the smallest Bravais cell. This indicates that there are 42 possible vi-
bration optical modes [37,42]. Room temperature Raman spectra for the
reported samples are shown in Fig. 9. The spectra were excited by a 514
nm line of coherent Innova 99 Ar™ - ion laser with exposure time of 10 s
at 10 % laser power of 150 mW maximum.

To individualize peaks in the spectra, the Raman spectra were further
de-convolved via least squares minimization method of Lorentzian
functions corresponding to theE,, To, and A;, peaks in the spectra. At
ambient conditions, it is well known that there are five Raman active
modes (Aq + E, + 3Ty,) for spinel ferrites [48,49]. These modes have
been reported to be associated with the vibration of oxygen and metal
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Fig. 7. SEM images for prepared S1(a), S2(b), S3(c), and S4(d) samples.
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Fig. 8. N, adsorption-desorption BET isotherms with BHJ pore size distribution
inset for sample S3.

Table 7
Specific surface area (SSA) and average pore size distribution for the report
samples.

Comp. SSA (m%g™1) Pore size (nm)
S1 64 115

S2 73 126

S3 58 120

S4 108 48

ions at A and B sites [48,50]. In the frequency range 200-800 cm ’,
three distinct first order Raman active modes are observed and attrib-
uted to E,, To, and Aj;whose peak frequencies are listed in Table 8.
These first-order Raman modes are closely matched to those reported in
the literature for similar materials [38]. This further confirms the for-
mation of single-phase spinel ferrites in the present set of samples. The
relatively low-frequency Raman mode E, is related to vibrations
occurring at the octahedral BOg sites attributed to the symmetric
bending of oxygen ions with metal ions located at the octahedral sites.
The T2, Raman mode can be associated with the asymmetric or sym-
metric stretching vibration of oxygen ions and metals at octahedral or
tetrahedral sites. The high-frequency Raman vibration mode A;, is
associated with symmetric stretching of oxygen ions with metal ions at
the tetrahedral AOy4 site sub-lattice. The observed line broadening in
Raman modes is probably due to lack of long-range crystalline order
expected for nanoparticles or may arise from the statistical cation dis-
tribution at the A and B site sub-lattice. The variation of the frequencies
with Ce and Ni substitutions of the active modes E;, T, and A, could be
related to changes in chemical bond lengths given in Table 3.

3.3. Magnetization measurements

Magnetic interactions in ferrites are mediated by oxygen anions and
occur via super-exchange interactions [24,51,52]. These interactions
play a vital role in determining the overall strength of the magnetic
interactions (A-A, A-B, B-B) and the effective magnetization of a sample.
We investigate the effects of Ce>* doping and varying Zn?* and NiZ*
contents. The magnetizations of the samples in response to applied fields
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Fig. 9. Raman spectra for as-prepared S1-S4 samples.

at room temperature are given in Fig. 10(a). All samples were subjected
to a field sweeps of up to +20 kQOe. Fig. 10(b) show the initial magne-
tization curves from which the initial susceptibility (y,), high field

Table 8
Peak positions of Raman active modes.

Sample Eg(em™) Tog(em™) Aglem™) susceptibility (v ) and saturation magnetization (Ms) can be obtained.
s1 344 492 677 The fits to the high field initial magnetization data are based on the
S2 335 490 664 empirical formula for the law of approach to saturation given by
s3 308 496 661
S4 318 479 650 a b
M=Ms(1l———— H 3
S ( H H2> +x. ( )

where a and b are constants that depend on defects and magneto-
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Fig. 10. (a) Room temperature hysteresis loops for samples S1-S4. (b) Initial magnetization curves fitted at high applied fields.
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Table 9
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Saturation magnetization (Ms), coercivity (H¢), remnant magnetization (Mg), squareness ratio (Mg/Ms), magnetic anisotropy constant (Kcg), initial magnetic sus-

ceptibility (y, ) and effective magnetic moments ( o).

Comp. M;s (emu/g) H¢ (Oe) Mg (emu/g) MR/MS Keff (emu.g—10e—1) ¥2 (emu g—10e—1) (Hegr)p — (Hegr)a (i)
+0.1 +2 +0.01 +0.001
S1 57.01 114 9.12 0.16 6598 0.0762 6.83
S2 56.06 105 12.08 0.22 5976 0.0581 6.22
S3 59.67 89 3.03 0.05 5392 0.0369 7.39
S4 50.92 53 5.29 0.10 2740 0.0561 5.67
80 1 80 , , ,
(a) 757 ) ]
A
560 i 60_ £ 70] ]
= =
£ E X 45]
2 40 40 T °
= - —=
= = éﬁ— 6.0
20 20 -
"”‘\,,, Sy 0 02 03
- . . . .
0 O
T v v v x+y
0.0 0.1 0.2 03
x+y
8000
1504 {d)
-, -Th
5 6000 8
3 a20] T~ °
£ an [=! ‘o
= o =
= = g0 4000 §
x";
50 4 T r T T
55 6.0 6.5 7.0 75 60 2000
(e ), -y ),) ()

0O 0.1 0.2 0.3

x+y

Fig. 11. (a) Relation of Ms and My with compositions, x -+ y. (b) Variation of effective magnetic moments with composition, x + y. (c) Correlation between Mg and
effective magnetic moments. (d) Changes in coercivity, Hc and anisotropy constant, K. with composition.

crystalline anisotropy, respectively [44]. The hysteresis loops are almost
symmetrical about the zero-field axis for all the samples (see inset:
Fig. 10). Several factors alter the magnetic properties of a material.
These include cation distribution, grain size, chemical components,
crystal structure, vacancy and defect concentration, and internal
stresses. The narrow magnetic hysteresis loops indicate soft magnetic
nature of these materials. The M — H curves vary with Ce doping and
stoichiometry of Ni, Zn or Fe contents at A and B sites. The results of the
analyses of the initial magnetization curves and hysteresis loops are
given in Table 9. These include initial susceptibilities, saturation mag-
netizations, coercive fields and remnant magnetizations. In spinel fer-
rites, the net magnetization is the vector sum of the net effective
magnetic moments of cations at the A and B sites. The saturation mag-
netizations can be expressed as [45,53]

(€3]

We may therefore assume that were (y); for i = A, B are effective

MS = |M37MA‘

magnetic moments

)

Msﬁx) (ﬂe_ﬁf)g - (/‘cﬂ)A

which can be deduced from the estimated cation distributions in Table 5.
The net effective moments are also presented in Table 9 for the current
set of samples. The values of M; in Fig. 11(a) can therefore be attributed
to A and B site occupancy by cations with associated magnetic moments:
Zn*" (0 pp), Ni%* (2.83 pp), Fe* (5.92 pp) and Ce3" (2.54 p;) [54,55].

The changes in Mg with composition, x +y in Fig. 11(a) appear to be
similar to that of (4ey)p — (Hef)a in Fig. 11(b). This is confirmed further
by a linear correlation between Ms and (u5)p — (Heg)a in Fig. 11(c)
which can justify the cation distributions in Table 5 to be reliable. The
correlation is best if sample S2 is excluded from the fit to reflect
increased Ni content between samples S1, S3 and S4. The remnant
magnetizations Mg, for all the samples are small (see Table 9 and Fig. 11
(a)) with the squareness ratio Mr/Ms less than 0.5. This suggests that all
the samples S1 to S4 consist of single magnetic domain nanoparticles
[56]. Fig. 11(d) shows the values of the coercive fields, H; deduced from
the hysteresis loops and the calculated values of the effective
magneto-anisotropy constants, Keg using the Stoner-Wohlfarth random
anisotropy formula [46,47,57] where

 0.985K,;

M; (6)

Hc

Coercive fields can provide useful information about the micro-
structure, magnetic reversal processes and internal stresses in the syn-
thesized compounds. Fig. 11(d) shows that both H; and K.reduce
significantly with Ce and Ni substitutions for compositions, x + y. This is
typical of Ni ferrite samples to be associated with soft magnetic prop-
erties. For samples that contain magnetic nanoparticles, the magneti-
zation responses as a function of applied magnetic fields can provide
some useful information about structural changes. This may occur due to
possible phase changes of the nanoparticles and associated crystallite
sizes. Typical measurements involve M —H curves and significant
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Fig. 13. (a) Crystallite sizes and initial susceptibilities for samples S1-S4. (b) Correlation between the inverse susceptibility, y, with unit cell volume, V.

changes in the slopes associated with hysteresis loops and initial
magnetization curves have been observed [48,49,58,59] which show
significant changes in the slopes of M — H curves that can be associated
with initial susceptibilities.

Fig. 12 shows the low field initial magnetization curves for the cur-
rent set of samples (S1 to S4) which exhibit good linear fits to the data
with slopes that are proportional to the initial susceptibilities (y).
Fig. 13(a) shows significant changes in the slopes (or y,) with compo-
sition which vary similarly to crystallite sizes but inverted. Following
similar studies [58,59], we can assume a reciprocal relationship be-
tween y, and unit cell volumes V, (from Table 2). Hence,

XSICXV(). (7)

A very strong linear relationship between y,' and V, is clearly
confirmed in Fig. 13(b) for samples S1, S3 and S4 which appear to be
sensitive to Ni2* ion content and yet again confirming the general nature
of such a correlation.

10

3.4. Mossbauer spectroscopy

The >’Fe Mossbauer spectra are shown in Fig. 14. These were fitted
by paramagnetic doublets (D) and sextets. The doublets are associated
with magnetically disordered local spins of Fe ions that can also be
attributed to superparamagnetic nanoparticles. The sextets account for
the fraction of Fe ions that are in magnetically ordered states. The
spectra were fitted using Recoil software via the Lorentzian line shapes
with fit parameters listed in Table 10. All measurements were performed
at room temperature (about 300 K) relative to a 25 um thick high purity
alpha iron foil, used for velocity calibration. The isomer shift values
(0.32 + 0.04 mm/s) obtained are all consistent with the presence of Fe3*t
ions [50]. Fig. 15 shows the changes in hyperfine fields at octahedral B
sites with compositionx + y. The trend is similar to that observed for Mg
in Fig. 11(a) where the B site moments make dominant contributions.
The hyperfine fields are attributed to super-exchange interactions be-
tween atomic magnetic moments and their increase at B site can also be
associated with increased particle sizes [60]. In spinel ferrites, the
random arrangement of cations at the tetrahedral A sites affects the
hyperfine fields at B sites and vice-versa with the B sites being more
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Fig. 14. Fitted Mossbauer spectra of samples S1-S4.

Table 10

Variation of isomer shifts (Is), Quadrupole split (Qs), Line width (L), Hyperfine
fields (Hy), and fractional Fe ions population (f(%)) for the reported nano ferrites
compounds.

Comp.  Sites  Is(mm/ Qs L(mm/ Hy f(%)£0.5 42
s) £0.01  (mm/s) s) (kOe)
+0.01 +0.02 +10
S1 Da 0.32 2.01 0.98 - 15 0.89
Dg 0.31 0.84 0.83 - 35
B 0.35 0.02 0.89 435 50
S2 Da 0.32 0.94 0.90 - 35 0.83
Dpg 0.30 2.23 2.02 - 33
B 0.32 -0.04 0.65 432 32
S3 A 0.27 0.04 0.56 238 40 0.85
B 0.34 0.24 1.13 465 60
S4 Da 0.29 2.04 0.32 - 09 0.83
Dg 0.31 0.69 0.31 - 12
A 0.42 -0.04 1.02 246 25
B 0.33 -0.05 0.77 446 54
480
—a— B site
2460 \
@]
=
T 440
—
420
00 01 02 03

x+y

Fig. 15. Changes in hyperfine field at B sites for samples S1-S4.
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affected by the changes in cation distributions [61,62].

The Mossbauer spectra become more magnetically ordered for
samples S3 and S4 with higher hyperfine fields at the B sites. This sug-
gests that the distribution of Zn?* and Ni%* ions influence the magnetic
order. There is initially a slight reduced hyperfine field (Hy), when lower
moment Ge3* replaces Fe®* ions for $2. This is followed by increased
magnetic order when nonmagnetic Zn?* ions are replaced by magnetic
Ni%* jons which lead to higher saturation magnetizations and higher
hyperfine fields for samples S3 and S4. The quadruple splitting values in
Table 10 vary significantly which indicate high asymmetry at both sites
A and B.

3.5. Gas sensing perperties

The gas sensing responses of the samples were investigated for
reducing gases SO, and CO. The adsorption of the oxygen species on the
sample surfaces has been shown to be proportional to the gas sensing
characteristics [63] and the chemisorbed oxygen species influence the
surface conductivity. The response of a sensor is also known to depend
on several factors such as morphology, structure, specific surface area
(SSA) of the particles, synthesis technique and elemental composition of
the compound. Figs. 16 and 17 show electrical responses with increasing
gas concentration. As expected, the current increased with increasing
gas concentration. The responses were obtained at activation tempera-
tures of 100 °C and 150 °C. The sensing mechanism is still widely con-
tested. However, for the detection of reducing gases SO and CO can be
explained using the electron depletion theory [64]. The exposure of a
sensor materials in air results in the adsorption of oxygen molecules on
the sensor surface leading to the extraction of electrons from sensor
material surface to form oxygen ions such as O3, 0~, and O~ depending
on the temperature [65]. Based on the reported activation temperatures
[65], the type of oxygen ions adsorbed on these sensor surfaces after
capturing an electron is most likely O5. The equations representing the
reactions at the sensor surface for SO, and CO gases can therefore be
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samples S1, S2, and S4 at 80 ppm.

Both SO5 and CO gases are more reducible than O,. Hence, when the

O, is exposed to SO and CO, their reaction releases more electrons at
the surfaces of the sensors and forms unstable SO3 and CO». This results
in reduced thickness of the electron depletion layers and increases
conductivity. The sensing responses can be calculated using the formula
I, — 1,

Resp = 5

a

(12)

where I, is the current through the sensor in air and I, is the current in
reducing gas [66]. The best response for both SO, and CO was found for
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S1 sensor material. The highest response values of 14.7 at 100 °C and
13.7 at 150 °C were obtained at concentrations of 80 ppm as shown in
Fig. 18(a) and (b).

The sensing responses decrease from S1 to S4. Some of the important
factors that affect the electron transfer and gas sensing response are
activation energy, adsorbed oxygen quantity and the number of active
sites. Hence, the reduction in sensitivity aside from morphology is
attributed to cation redistribution i.e., the migration of Ni?* from B- to
A-sites with the introduction of Ce>* ions leading to a change in the
electronic structure at sensor material surface. This results in reducing
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NiZ*active sites which also reduce sensor responses. For the current
samples S1, S2, and S4, gas sensing decreased while ferromagnetic
coupling increased. Akande et al. [35] observed similar behaviour in
vanadium oxide V305 sensor material when it transformed from para-
magnetic to ferromagnetic state after thermal annealing. The V505
sensor material in the paramagnetic state showed a more superior
response to NH3 gas compared to ferromagnetic state sensor. This sug-
gests surface spins can affect both gas sensing and magnetic effects. A
noteworthy correlation is observed between the squareness ratio Mr/Mg
and response times at both 100 °C and 150 °C for SO in Fig. 19(a) and
(b). Fig. 19(c) shows the responses to SO2 gas concentrations up to 100
ppm for sensors at 100 °C and 150 °C. The response to SO, for sample S1
at 100 °C shows much improved response of 23.5 at a gas concentration
of 100 ppm compared to 18. 8 at 150 °C. Similarly, the responses with
respect to CO gas sensing are given in Fig. 19(d) and (e) which also show
much higher response at 100 °C especially for the sample S1.

The response and recovery times are also important parameters for
gas sensors, defined as the time required for the sensor to reach 90 %
saturation response in the presence of a reducing gas and 10 % response
in the absence of the gas, respectively. The response and recovery times
for the best responding reducing gas SO, are shown in Fig. 19(f). The
lowest response and recovery times were found to be for S1 with times of
18 s and 39 s at 100 °C and 60 s and 45 s at 150 °C respectively.

4. Conclusions

Nanocrystalline Nig44xZnoe-xCeyFes_yOsmaterials with a single-
phase spinel structure were effectively produced through a modified
glycol-thermal method. The results are presented as functions of x +y
where 0 < x+y < 0.3 associated with samples S1, S2, S3 and S4. The
crystallite sizes in the range 8-21 nm obtained from XRD were in
agreement with particle sizes obtained from HRTEM. SEM revealed
semi-spherical and homogeneously dispersed nanoparticles. The
changes in the lattice parameters were found to mirror changes in ionic
sizes. The introduction of Ce** and Ni?* ions altered the cation distri-
bution and influenced changes in magnetic properties. Cation distribu-
tion from Rietveld refinement revealed all Ce>* ions occupied the B-
sites, whilst Niz+, Zn2+, and Fe®* jons occupied both A and B sites
confirming formation of mixed spinel ferrites. The changes in saturation
magnetizations were found to be consistent with changes in effective
magnetic moments and confirm the estimated cation distributions to be
reliable. The coercive fields decreased with increased Ni ions normally
associated with reduced anisotropy. Significant changes in the initial
susceptibilities were observed which show strong correlation between
initial susceptibilities with unit cell volumes especially for samples S1,
S3 and S4. The magnetic characteristics of synthesized materials makes
them useful in high frequency devices and may have potential use as
contrast agent in magnetic resonance imaging (MRI). °’Fe Mossbauer
spectroscopy revealed strengthening of ferromagnetic coupling from S1
to S4 which also appear to be consistent with changes in saturation
magnetizations. The studied samples have also been investigated for
possible use as gas sensor materials. A correlation between gas sensing
response and squareness ratio %5 was observed. A decrease in the sensing

response as the material transition from paramagnetic state to ferro-
magnetic state. The best sensing characteristics were obtained for the
sampleNig 4Zng ¢Fe204. The sample showed sensitivity preference for
SO at 100 °C over CO gas. However, at 150 °C, the nano-ferrite showed
higher sensitivity for CO gas. For the other samples, the gas sensing
responses were much lower.
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