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Abstract

Cobaltite oxide spinel (CoCo,0,) is one promising material that has been extensively studied for
decades due to its versatile applications. Revealing the correlation among chemical compositions,
cationic distributions, and physical properties are crucial for exploring its novel application. Here, a
series of nickel /zinc co-substituted cobaltite spinels, Zn; _xNixCo0,04 (ZNCO-X; where X = 0.00,
0.25, ..., 1.00), was synthesized by calcining the hydrothermal-derived precursors and their magnetic
properties have been investigated. Multiple x-ray based characterization techniques (XRD, XRF, XPS,
and XAS) were applied to determine the crystalline structure and appropriated compositions of cation
species (Zn”, Ni™,Ni’T, Co*™, and Co3+). In conjunction with Neel’s theory of antiferromagnetism,
the theoretical magnetization of the spinel series was calculated based on the assumption that Zn**
ion was located in tetrahedral (A site) while nickel cations (Ni*" and Ni* ™) occupying the octahedral
(Bsite). The theoretical magnetization profile exhibited a good correlation. Superparamagnetic effect
and cationic site exchange can be used to explain the discrepancies between the measured and
calculated magnetizations. This work reported a systematic controlling of materials structure and
cationic distribution, which are crucial for fine-tuning the magnetic property of the Zn; xNixCo,0,
cobaltite system.

1. Introduction

Spinel oxides are known as one of the major types of ceramic oxides [1]. Classified in the space group of Fd 3 m,
their crystalline framework has been considered as a cubic close packing array of oxide anions (O ") incorporating
cationic occupancy sites. Generally, for the normal spinel, one-eighth of the tetrahedral sites (A site) is occupied by
divalent cations, while one-half of the octahedral sites (B site) is filled by the trivalent cations. A general empirical
formula, AB,O,4 (where A and B determine the cations which occupied the A site and B site, respectively), has been
introduced to represent this ceramic oxide [ 1, 2]. The inversion of the described cationic occupancy pattern results
in an inverse spinel. Well-known spinel oxides include magnetite (Fe;0,), cuprospinel (CuFe,O,), and chromite
(FeCr,0,), among others.

Cobaltite spinel, CoCo0,0, (or Co30,), is another important binary metal oxide in this group, mainly due to
its multivalent cobalt cations. CoCo,0, provides applications in magnetic semiconductors [3] and

© 2020 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2053-1591/abb4fc
https://orcid.org/0000-0002-6706-6421
https://orcid.org/0000-0002-6706-6421
https://orcid.org/0000-0002-3592-3708
https://orcid.org/0000-0002-3592-3708
https://orcid.org/0000-0002-4050-3628
https://orcid.org/0000-0002-4050-3628
https://orcid.org/0000-0001-6532-0724
https://orcid.org/0000-0001-6532-0724
https://orcid.org/0000-0002-6765-9809
https://orcid.org/0000-0002-6765-9809
https://orcid.org/0000-0002-7618-8340
https://orcid.org/0000-0002-7618-8340
https://orcid.org/0000-0001-9744-9864
https://orcid.org/0000-0001-9744-9864
https://orcid.org/0000-0002-6941-8814
https://orcid.org/0000-0002-6941-8814
https://orcid.org/0000-0003-0252-1435
https://orcid.org/0000-0003-0252-1435
mailto:fsciswsm@ku.ac.th
mailto:yuranan.h@ku.th
https://doi.org/10.1088/2053-1591/abb4fc
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/abb4fc&domain=pdf&date_stamp=2020-09-23
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/abb4fc&domain=pdf&date_stamp=2020-09-23
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0

10P Publishing

Mater. Res. Express7 (2020) 096104 W Deeloed et al

electrochemical catalysts as an electrode material [4, 5]. However, its performance is still below the satisfactory
level due to its low electrical conductivity ranging from only 10> to 10~*S - cm ™ [6]. Furthermore, cobalt is
poisonous and expensive, leading to the incorporation of other first-row transition metals such as Mn, Fe, and
Niinto the cobaltite spinel framework forming a family of ternary metal oxides [4—7]. Among them, nickel
cobaltite spinel (NiCo,0,) has gained considerable attention due to its outstanding performance in redox-
chemistry [8]. NiCo,0, has been reported as an inverse-type spinel with the co-existence of multivalent cations,
i.e., Ni*T, Ni**, Co*", and Co’ " in the structure [2, 4, 9, 10]. Recently, it has been recognized as an emerging
material with potential applications in supercapacitors [9, 11, 12], lithium storage batteries [13], and fuel cells
[8]. Its outstanding performance is attributed to its relatively high conductivity and high battery rate capability
[14]. Another interesting member of the cobaltite group is ZnCo,O,. It has been known as a normal spinel, with
high potential in photocatalysis applications [ 15, 16] and energy storage applications [17]. However, the catalytic
activity of ZnCo,0, was found to be lower than that of NiCo,0,, due to its lower conductivity [16]. The
improved electrical property of ZnCo,0O, has been reported in previous studies [ 18-22].

In this work, we intended to synthesize a series of mixed-metal cobaltite oxide spinel, namely
Zn; xNixCo0,0, (where X = 0.00,0.25, ..., 1.00), to establish the correlation among chemical compositions,
cationic distributions, and magnetic properties. With this respect, a series of cobaltite spinels with a desired
fraction of nickel and zinc was synthesized using a hydrothermal-crystallization procedure, together with
subsequent oxidative thermal decomposition reaction. Synchrotron-based techniques have been utilized to
provide such comprehensive information about cationic species located within the structure. We found that the
incorporation of different cationic species into the cobaltite spinel can cause a significant change in the cationic
distribution, the valency states of cations which triggered a systematic change in the material magnetization.

2. Experimental

2.1. Synthesis of cobaltite spinel and derivatives

Analytical grade chemicals were used for material synthesis without further purification. In this present work,
Co0Co,0, (hereafter denoted as CCO) was used as reference material to compare and examine the effects of
nickel and zinc doping in various aspects. This reference spinel was derived from its precursor compound
synthesized by the hydrothermal approach. To synthesize the CCO precursor, cobalt(II) acetate tetrahydrate
(Co(CH5COO0), - 4H,0), and urea (NH,CONH,) with the mole ratio of 3:3.33 were dissolved in DI water. The
mixture was stirred to obtain a clear reddish solution. The solution was sealed in a 125 ml Teflon-liner stainless
steel autoclave, keeping a constant fill factor of 50% by volume. The hydrothermal synthesis was carried out at
180 °C for 12 h to obtain the CCO precursor as a pink precipitate. Then, the CCO precursor was filtered out and
subsequently washed with DI water and absolute ethanol. The CCO precursor was dried at 60 °C overnight and
converted to the desired CCO spinel by calcination at 480 °C for 10 h. The calcined sample was stored in a
desiccator and finely ball-milled before characterization.

In order to prepare a series of nickel /zinc co-substituted cobaltite derivatives, Zn; _xNixCo,0, spinels
(ZNCO-X, where X = 0.00,0.250.50, 0.75, 1.00), the same synthesis protocol was applied, but one-third of the
cobalt(II) acetate tetrahydrate content was replaced with the mixed substituents between zinc(II) acetate
dihydrate (Zn(CH;COOQ), - 2H,0) and nickel(II) nitrate hexahydrate (Ni(NO3), -6H,0). Throughout this
work, the parameter X referred to the mole fraction of the nickel salt added in the precursor synthetic step. The
mole ratio between the mixed substituents to the cobalt salt to the urea was kept as 1:2:3.33 in all cases. It should
be noted that the exact molar ratio of each metal component within the obtained spinel products was
characterized by synchrotron-based x-ray fluorescence spectroscopy.

2.2.Material characterization

2.2.1. Powdered x-ray diffraction (PXRD)

The crystal structure of the obtained samples was investigated using a PANalytical (AERIS) x-ray diffractometer
in Bragg-Brentano geometry equipped with a Cu-K,, radiation source, Cu-K; cut-off filtered, (A = 1.544 A,

15 mA, 45 kV, 600 W) and ultrafast solid-state PIXcel'P detector. All samples were scanned in a continuous
mode on a rotating stage at the 26 range from 15° to 70° with a step resolution of 0.02°. Post-subtracted
diffractogram was obtained by the X’Pert HighScore Plus program (version 2.1, PANalytical B.V. (2004)),
together with the PDF2 PAN database. The Bragg’s positions and the full-width at half maximums (FWHM) of
each sample were determined by the software.

2.2.2. Electron microscope
Morphologies and surface topographies of the prepared spinel materials have been investigated by a Field-
emission scanning electron microscope (FESEM, JEOL-JSM-7600F) using an operating voltage of 5 kV.
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Furthermore, a field-emission transmission electron microscope (FETEM, JEOL-JEM-3100F at operating
voltage 300 kV) was also employed to directly visualize the micro and nanostructures of the prepared materials.

2.2.3. Cationic composition determination

Herein, several synchrotron-based techniques at Synchrotron Light Research Institute (SLRI), Nakhon
Ratchasima, Thailand, including x-ray absorption spectroscopy (XAS), x-ray photoelectron spectroscopy (XPS),
and x-ray fluorescence spectroscopy (XRF), were integrated to determine the best representative cationic
compositions of all prepared samples. Fine powders obtained by the ball-milling process were used for XAS,
XPS, and XRF investigations. Firstly, we recorded XAS spectra (Co, Niand Zn K-edges) in an x-ray absorption
near edge structure (XANES) region at the SUT-NANOTEC-SLRI (Beamline 5.2) using Ge (220) as a double
crystal monochromator (DCM). Energy calibration was carried out with standard metallic foils of cobalt, nickel
and zinc [23]. All obtained XANES spectra were further normalized using Athena program (Demeter 0.9.26,
Ifeffit 1.2.12) [24]. Secondly, the XRF experiment was performed at Beamline 1.1W (Multiple x-ray Techniques,
MXT) using a 19-elements Ge detector as the detector. The samples were exposed to the monochromatic
synchrotron x-ray radiation with the energy of 10 keV for 300 s. The obtained XRF data were further analyzed
using the PyMCA software. Lastly, standalone XPS (PHI5000 VersaProbe II, ULVAC-PHI, Japan, Al Ko source)
hasbeen performed at the SUT-NANOTEC-SLRI joint research facility (BL5.3). The powder samples have
sparsely adhered on the conductive carbon tape without surface modification. The samples were investigated in
both wide scan (pass energy 1174 eV, energy step 1.0 eV) and high-resolution scan (pass energy 46.95 eV, energy
step 0.05 eV) for Cy;, Oy, Co,p,, Niyp,, and Zn,,,. The XPS spectra were normalized and deconvoluted using the
Multipak software (v9.0).

2.2.4. Vibrating sample magnetometer (VSM)

A vibrating sample magnetometer (VSM), custom made by the Department of Physics, Kasetsart University,
Thailand, was utilized to evaluate the magnetic susceptibility (M) of the synthesized samples [25, 26]. Prior to
the measurement, the sample powder was pre-shaped into a pellet via a mold-pressing method, using a uniaxial
mold method (the applied pressure of 10 kPa) without any additive chemicals. The applied external magnetic
field was within the range of +10.0 kOe at room temperature. The VSM system was calibrated with a3 mm
diameter Ni sphere (Lake Shore 730908). The magnetic moment measurement accuracy is better than 1.5% of
reading.

3. Results and discussion

3.1. Materials structure, cationic composition, and observed magnetization
3.1.1. Powdered x-ray diffraction (PXRD)
The phase formations and crystal structures of the post-calcined samples were examined by XRD technique. As
illustrated in figure 1(a), the post-calcined CCO sample showed a diffracted pattern that was identical to the
cubic CoCo,0, spinel, space group Fd 3m (PDF# 01-076-1802). The diffracted peaks positioned at 19.0°, 31.3°,
36.9°,38.5°,44.8°,55.7°,59.4°, and 65.2° were indexed to the Bragg’s angles of reflections from the planes (111),
(220),(311), (222), (400), (422), (511) and (440) of the CoCo,0, spinel, respectively. The result confirmed the
advantage of the synthesis approach in terms of providing such high purity of the targeted spinel oxide
compound. Furthermore, from figure 1(a), the post-calcine samples containing different nickel and zinc
substitution fraction (ZNCO-X where X = 0.00 to 1.00) also exhibited the diffracted patterns nearly identical to
that of the parent CCO standard sample. Hence, the results confirmed that the cobaltite spinel framework was
preserved across all samples.

Further analysis of PXRD data [27-29] indicated that the substitution by nickel and zinc provides an overall
expansion of the unit cell with respect to the cobaltite spinel structure as evidenced by the increasing parameter
(a) in the expression;

2 24 p
o meRsr o
i a

where dis the interplanar spacing, and h, k, / are the Miller indices. The estimated lattice parameter was tabulated
in table 1 and plotted in figure 1(b). The ZNCO-0.00 sample had a lattice parameter ca. 8.092 4 0.006 A which is
slightly larger than that of CoCo,0, parent spinel (ca. 8.088 4= 0.003 A). Moreover, by introducing more nickel
content (from X = 0.25 to 1.00), the amount of elongation was progressively enhanced. The small change on
spinel framework upon the varying nickel and zinc incorporation stems from the fact that cobalt, nickel and zinc
are all adjacent first-row transition metal elements and their cationic radii are rather similar (Co*T =79 pm,
Co’" = 69 pm, Ni** = 69 pm,Ni’" = 70 pmand Zn*>" = 74 pm) [1]. This has led to the successful
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Figure 1. (a) X-ray diffractograms of the prepared spinel samples. Further analysis of the diffractogram data gave the profile of
(b) calculated lattice parameter and (c) calculated crystalline grain size of the mixed-metal spinels.

Table 1. Summary of calculated crystallite sizes and lattice parameters of

the synthesized spinels.

Spinel Calculated crystallite Calculated lattice
compounds size (nm) parameter (A)
ZNCO-1.00 17.88 £ 1.72 8.103 £ 0.006
ZNCO-0.75 21.96 £+ 1.77 8.107 £ 0.006
ZNCO0-0.50 24.69 £ 5.67 8.104 £ 0.008
ZNCO0-0.25 26.53 + 5.89 8.099 £ 0.005
ZNCO-0.00 28.82 £ 5.92 8.092 £ 0.006
CoCo0,04 (syn.) 29.17 £ 4.31 8.088 £ 0.003

incorporation of mixed metal ions in the form of a solid solution without the presence of additional crystalline
phases.

Regarding the effects of the Zn and Ni-doping on the crystallite sizes, the crystallite size (D) of samples was
calculated from the Scherrer equation;

0.9\

- 0B cos 6 @

where the x-ray wavelength (\) is 1.5406 A, @ is Bragg’s angle of reflection, and the corrected peak at full width at
half-maximum (FWHM) intensity is denoted by 3. The crystallite sizes for the whole sample series were
tabulated in table 1 and shown in figure 1(¢). Crystallite size of the CoCo,0, parent spinel and its zinc-
substituted derivative (ZNCO-0.00) were comparable in sizes (ca. 29.17 + 4.31 nm and 28.82 + 5.92 nm),
suggesting the slight effect of zinc content to the change in crystallite size. However, the nickel content in the
mixed-metal spinel noticeably contributes to a reduction in the crystallite sizes; from ca. 26.53 £+ 5.89 nmin
ZNCO-0.25to ca. 17.88 £ 1.72 nm in ZNCO-1.00). Nanosized cobaltite spinel particles were confirmed by
SEM and TEM images, as reported in supporting information (figures S1 to S4 are available online at stacks.iop.
org/MRX/7/096104/mmedia).
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By closely inspecting the relative intensities of the (311) diffraction peak in figure 1(a), a different effect on
the crystallinity of the prepared spinels with respect to the variation of nickel and zinc substitution contents was
observed (see also table S1). For the samples with relatively high zinc substitution level, i.e., ZNCO-0.00
(representing ZnCo, O, spinel) and ZNCO-0.25, the degree of crystallinity was nearly the same as that of the
CCO spinel. A good crystallinity on these samples might come from the fact that ZnCo,0,4 and CoCo,0,
adapted a similar normal-type spinel structure. The Zn>* dopants should substitute Co®" ions in the tetrahedral
sites (A site) [15]. On the other hand, the lower degree of crystallinity was clearly observed in the case of the
relatively high nickel substituted samples, i.e., ZNCO-0.75 and ZNCO-1.00 (representing NiCo,O, spinel).
According to literature, NiCo,0O,4 has been recognized as an inverse-type spinel compound, in which octahedral
sites (B site) are half-filled by Ni** and Co’ " cations, while another half of the Co* ions occupied the
tetrahedral (A site) instead. Thus, the accommodation of the nickel inside the cobaltite spinel compound would
be anticipated to cause some extent of configurative rearrangement of the occupancy and the overall crystal
framework. This site exchange is believed to be the origin of the lower degree of crystallinity. Consequently, the
observed XRD peak intensities at the (311) plane were significantly reduced with respect to the elevating nickel
content.

Modern science and technology allow for an accurate non-destructive determination of chemical
composition by using some specialized x-ray spectroscopy techniques. In the forthcoming sections, the analysis
of the XRF, XPS, and XAS techniques will be discussed in detail. In order to avoid the lengthy discussion across
all sample types, the experimental data and analysis would be significantly devised for the particular sample of
ZNCO-0.50. The spinel ZNCO-0.50 sample will be used as a representative sample for the main discussion.
Essential results for all samples have been individually reported in the supporting information (tables S2 to S9).

3.1.2. X-ray fluorescence spectroscopy (XRF)

X-ray fluorescence (XRF) technique has been carried out to provide insights into the elemental compositions of
each post-calcined sample. As shown in figure 2, the characteristic fluorescence signals, including K, and K5 of
cobalt, nickel and zinc inside the ZNCO-0.50 sample, were clearly indexed. Moreover, the XRF spectra of other
samples can be found in figure S5. Those prominent emission bands have been deconvoluted and re-assigned
according to their characteristic energy, as indicated in figure 2. The integrated peak areas of each metal element
were also derived from the spectra and used to calculate the ratio of each metal element within the spinel samples
according to the details in the following paragraph.

Suppose that all metal elements were confined within the spinel framework, the whole integrated metal peak
area would be scaled to the value of 3.00, which is the number of the total cationic species in spinel (AB,0,).
Therefore, the content of the metal element of interest in the spinel was represented by an area percentage of the
all-metal peak areas (as shown in the inset of figure 2). Using such an assumption, the exact formula of the post-
calcined ZNCO-0.5 sample can be written as Zn 5gNij 490C0,.0,04. This same protocol was applied throughout
the sample series to determine the chemical compositions of all spinel samples (summarized in table S2).
According to the information in table S2, the existing nickel content in all nickel-contained spinels seems
significantly lower than our anticipation. The vanished nickel content, ca. 25% from the desired fraction
referring to the initial molar ratio at the precursor synthetic step, was mostly compensated by the presence of
zinc. This was because zinc cation might crystallize more rapidly than nickel cation under the studied
hydrothermal conditions.

3.1.3. X-ray photoemission spectroscopy(XPS)

After a successful determination of the chemical formulae, more detail on the metal valency state was further
investigated by x-ray photoelectron spectroscopy (XPS). Figure 3(a) shows wide scan spectra of the post-calcined
ZNCO-0.50 sample, revealing the existence of O, Coyyp, Ni,p, and Zn,, as indicated. XPS spectra of other
samples are displayed in figure S6. Deconvolution of the Oy high-resolution spectra (figure 3(b)) determined
two distinct types of oxygenated species, assigned as the oxygen anion bound to metal cation (528.8 eV) and the
chemisorbed oxygen species (531.4 eV), respectively. Importantly, there is no sign of oxygen vacancy found in
the Oy spectra, implying the reliability of oxygen stoichiometry in the previously proposed formulae of ZNCO-
0.50 sample. The XPS high-resolution spectra of transition metals (figures 3(c) to (e)) showed the spin-orbit
doublet, indicating the d-orbital ligand field splitting (M55, and M1 23 M = Co, Ni, and Zn) caused by the
surrounding oxygen anion. Deconvolution of the Co,p3,, confirmed the co-existence of Co’ " (779.9 eV) and
Co?" (781.3 eV) inside the sample (figure 3(c)), incorporated with the broad shake-up satellite peak at 784.0 eV.
For Ni, 3, (figure 3(d)), the presence of both Ni** and Ni’" was confirmed by the deconvoluted peaks at 854.1
and 855.9 eV, and followed by the shake-up satellite peak at 861.2 eV. For Zn, », the existence of Zn*" ionwas
found as the prominent emission at 1021.2 eV (figure 3(e)). Therefore, XPS results confirm the existence of
multivalence cation species, i.e., Co*T, Co’T, Ni2t, Ni** and Zn?", inside the prepared ZNCO-0.50 spinel
sample.
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Figure 2. X-ray fluorescence (XRF) spectra (obtained by using the monochromatic synchrotron-based x-ray excitation with an energy
of 10 keV) of the post calcined ZNCO-0.50 spinel sample.

Furthermore, the sensitivity of XPS was high enough to observe the variance in the relative amount of
multivalence cations (Ni*" and Ni’*) as a function of the substitution factor (X) in the precursor. By
investigating the relative peak area, between Ni*" and Ni’* species throughout the sample series, a systematic
change of their percentage contribution was revealed (see table S3). It was found that at the early stage of nickel
introduction (X = 0.25), the Ni’* was rather a dominant species, ca. 80% than the Ni*" ion. The contribution
of Ni’* was decreased upon an elevating nickel content, to be ca. 70%. In contrast to the case of cobalt, the XPS
study indicated a stable Co*" to Co®" ratio, which fluctuated near a ratio of 50:50 in most of the samples (see
table S3). Despite a perfect theoretical value for pristine cobaltite spinel (CoCo0,0,), 33% of Co?",and 67% of
Co’", that observed ratio by XPS seems to be far misplaced. This error might come from the fact that XPSis a
surface-sensitive technique which cannot bring out the signals from the bulk matrix. Hence, we avoid
calculating cationic compositions based on XPS results. However, without the loss in generality, the XPS spectra
could still confirm the presence of cationic species inside the post-calcined products, namely Co*t, Co*T, Ni*T,
Ni’*and Zn*".

3.1.4. X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) has been performed to quantify a certain level of cationic species.

Figures 4(a) to (c) show the K-edges XANES spectra of cobalt, nickel, and zinc in the ZNCO-0.50 spinel sample,
respectively. XAS spectra of all synthesized samples are shown in figure S7. Considering the XANES spectra
probed at zinc K-edge (figure 4(c)), the absorption edge of zinc species presented in the synthesized spinel
compound was lied within the edge of Zn*" standard compounds, ZnO and Zn(NO;),. Therefore, the result
suggested the divalent state of zinc cation inside the ZNCO-0.50 spinel as expected.

The determination of the valency state of nickel was more complicated than zinc since the compound
contained multivalence states of nickel ions, as previously confirmed by XPS. We found it was more convenient
to determine the average valency state of nickel ions using XANES data. The average valency state was
determined by the method used for NiCo,0, compound as reported in the literature [27-29]. In a typical
procedure, the photon energy at 0.5 normalized absorptions of the Ni K-edge spectra was selected as the
representative energy for edge position, and compared with the position of the NiO standard compound to
determine edge shiftin eV [27, 28, 30]. Referring to the linear relationship of energy shift (+1.5 eV per +1
oxidation state) found by Mansour et al [27], the average oxidation state of nickel in our spinel can then be
calculated. Note that the approximation method has been believed to contain 10% of uncertainty and more
additional 5% of uncertainty from the monochromator [29]. Therefore, the estimated valency state will be
rather reported as a value in one decimal place (see table S4). By using a simple mathematical conversion (see
supporting information), the contribution of Ni** (6%) and Ni** (94%) in ZNCO-0.50 sample was obtained.
Cation contribution for each sample has been reported in tables S5 to S9.
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Figure 3. X-ray photoelectron spectra (XPS) of the post calcined ZNCO-0.50 spinel sample. The sample was investigated in (a) a wide
scan and in a high-resolution scan for (b) O, () Coyp, (d) Nipp, and (e) Zn,y,, respectively.

3.1.5. Vibrating sample magnetometer (VSM)

The effect of different nickel and zinc substitution fraction has been expressed through a variation of material
magnetization. Magnetic properties at room temperature of all synthesized spinel samples were evaluated by a
vibrating sample magnetometer (VSM). Experimental magnetization data was transformed from a measured
valuein emu - g to the magnetic moment per formula unit (75 ) in y5 - f.u.”" through the following
equation [31-33]; ny® = (M, x M%) /5585, where M was the magnetization in the unitofemu - g,
and M, was the spinel formula weight. As shown in figure 5(a), the VSM plot suggested a paramagnetic
behavior in all synthesized spinel [1]. A sample with a higher X value exhibited a better sigmoidal curve without
the magnetic hysteresis loop. A magnetic moment at 10 kOe of all prepared spinel did not reach the saturation
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Figure 5. (a) Experimental magnetic moment per formula unit (in p3/f.u.) of all synthesized spinel samples. (b) a profile of magnetic
moment change plotted as a function of the doping nickel fraction.

levels. As clearly seen in figure 5(a), the magnetic moments of the co-substituted samples were different from
that of the parent CCO sample.

To better visualize the influence of the substitution fraction to the magnetization, the profiles of magnetic
moments at +10 kOe as a function of the varying nickel substitution composition are depicted in figure 5(b). It
was found that the magnetic moment of samples containing the highest zinc content, (ZNCO-0.00 or
ZnCo,0,), was decreased 56% from that of the CCO spinel. In contrast, a recovery trend of the magnetization
value has been observed by introducing the more nickel and the less zinc substituting content. In a sample that
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Figure 6. A profile comparison of (a) theoretical magnetizations obtained by Neel’s theory and (b) experimental magnetizations
measured by room temperature VSM. Theoretical magnetizations in both A and B sublattices was also plotted.

contained the highest amount of nickel introduction (ZNCO-1.00 or NiCo0,0,), ca. 2.5 times the magnetic
moment of the CCO parent was observed. The result shows that this magnetic moment profile would be
correlated to the gradual normal-to-inverse transformation from the most normal-type spinel (ZnCo,0,)
toward the most inverse-type spinel (NiCo,0,) in the mixed-metal series.

According to the numerous works regarding the magnetic properties of spinel-based materials, Neel’s theory
of antiferromagnetism has been widely cited for a useful explanation on the magnetic properties [31, 34, 35].
This theory has been applied for describing magnetic moments in materials containing two different sub-lattices
(A and B sites) that aligned collinearly and anti-parallelly to each other due to the super-exchange interaction
[1, 34]. To calculate a theoretical magnetic moment of an individual sample, the cationic distribution data would
be essential. In the CoCo,0, and ZnCo,0, samples, the structure was known as normal spinel, while the
NiCo,0, sample adopts an inverse spinel structure. Therefore, the cationic distributions were assumed
according to this information. All Zn** ions were assigned in the low-spin tetragonal site (A site) and all the
nickel ions (both Ni** and Ni**) were assigned in the high-spin octahedral site (B site). The theoretical
magnetization profiles for the synthesized spinel samples are displayed in figure 6. A correlation between the
theoretical (| ftoct - fhet]) and experimental magnetization values (ftexp) for the whole series of the samples has
been observed. The magnetic readings of the VSM system were calibrated so that the measurement accuracy is
better than 1.5% of reading; hence no error bars were observed. The theoretical magnetizations exhibit the same
tendency as the experimental values. However, the theoretical values were generally lower than the
experimental ones.

The discrepancy might be, in part, explained by (i) the underestimation of the theoretical magnetization of
ZNCO-0.75 and ZNCO-1.00 and (ii) the small-crystalline-size effect. The restricted distribution of Zn>" over A
siteand Ni** and Ni’* over B site lead to the underestimation of the theoretical magnetic moment due to some
degree of site exchange between those cations. Such cationic redistribution led to the alteration of the total
magnetization. In other material systems, Rietveld refinement and Bertaut method [36] are commonly used to
determine cationic distribution in inorganic compounds. Both techniques rely on the x-ray diffraction signals
that originated from the scattering of individual atoms in crystallographic planes. Unfortunately, the distinction
of the isoelectronic cations (Ni>* and Co”™) like the present problem is a daunting task and requires complicated
statistical analysis. The structural refinement to determine the cationic distribution in the ZNCO system was not
pursued in this work. Note that neutron diffraction may provide better clarification of the existing cationic
distribution within these obtained materials. However, the accessibility to the neutron diffraction facilities is
rather limited in our cases. The detailed investigation of cationic distribution should be an interesting point for
the further extension of this work.

Another possible explanation for discrepancies between the theoretical and the experimental magnetization
values should be the effect of crystallite size. It has been reported that a paramagnetic substance with a few tenth-
nanometer range of crystallite size can exhibit ‘superparamagnetic’ behavior. Evidently, from the XRD results,
the spinel samples with smaller crystallite sizes were obtained when a higher nickel amount as seen from the
Scherrer equation (figure 1(c)). Physical visualization using electron microscopes (both SEM and TEM) also
confirmed that the employed synthesis route led to the nanosized crystallites. Most of the discrete paramagnetic
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domains in the powder sample were presumably aligned by the applied external magnetic field [37, 38]. This
external nanosized effect provides a surplus magnetic susceptibility to paramagnetic nanoparticles. Sigmoidal
curve without the magnetic hysteresis loop on the ZNCO-1.00 sample (figure 5(a)) confirmed an establishment
of a superparamagnetic effect on that sample [36-39].

By taking consideration of the XPS, XAS, and VSM results, we found a correlation between the amount of
Ni*" content and the resulting magnetization value. As the Ni*" ions were increased, the magnetization value
was highly increased because Ni* " is a d® species that possessing the highest Bohr’s magnetron (low spin Oy,: tzﬁg,
e;; g = 2). On the contrary, Zn>" is diamagnetic cation owing to its d'° electron (high spin Tg: e*, t%; ju5 = 0).
As a consequence, the sample with a higher nickel substitution fraction would reasonably have a higher
magnetization value. Therefore, this work reported the systematic change in the magnetization of the ZNCO
materials by adjusting the corresponding Zn*" and Ni** contents.

4. Conclusions

In this work, we demonstrated the correlation among chemical compositions, cationic distributions, and
magnetic properties of Zn; xNixCo,0, spinel (ZNCO-X; where X = 0.00, 0.25, 0.50, 0.75, 1.00). A series of
cobaltite spinels was derived from its hydrothermally pre-formed precursors by thermal oxidation at 480 °C in
atmospheric pressure. Herein, an integration of multiple characterization techniques relying on x-ray radiation
(XRD, XRF, XPS, and XAS) was utilized. XRD technique confirmed that all resulting products were a pure
crystalline phase of the cobaltite spinel. Analysis by XPS unveiled the presence of multivalent cationic species,
ie.,Co®T,Co®T, Ni*™, Ni*", and Zn*". A combination of XRF and XAS provides a clue on the cationic
composition. The distribution of cationic species over the spinel tetrahedral (A) and octahedral (B) sites has been
assumed in order to calculate theoretical magnetization value regarding Neel’s theory of antiferromagnetism.
Interestingly, the variation of calculated magnetizations showed a similar trend with the experimental results.
Deviations from the experimental values can be explained by a cationic site exchange and the superparamagnetic
effect of the small-size particles. This study offers an insight into nickel and zinc ions in the mixed-metal
cobaltite affects the structural switching between normal and inverse spinel, and hence their influence on the
overall magnetic properties.
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