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ARTICLE INFO ABSTRACT
Keywords: Re-arrangement of cationic distribution in partially inverse spinel NiAl,O4 by using chemical
Cationic domains pressure perturbation is studied. Structural, impedance and magnetic analysis suggest presence of

Structure-Property Relationship
Chemical pressure perturbation
Cationic-rearrangement
Partially-inverse Spinel

regions/domains inside the grain/bulk with same lattice arrangement but varying in cationic
oxidation state. Perturbing the cationic distribution in the grain via low concentrations of
ambivalence substituent rearranges the cationic distribution across these domains within the
partially inverse spinel lattice without disturbing the crystal structure. A comprehensive expla-
nation on the origin & tunability of cationic distribution within the partially-inverse lattice is
proposed.

1. Introduction

Complex oxide materials such as spinels are known for their unconventional yet exotic properties originating from their ordered/
disordered structure [1-3]. These spinels consist of a combination of binary oxides with excellent photocatalytic, physicochemical,
antimicrobial applications [4-7]. Transition metal Aluminates are an example of such spinels with tremendous importance [8-11].
The unique binary oxide system consisting on a combination of p-type (NiO) dispersed between the dielectric (Al,O3) generates
remarkable electrical performance distinct from its constituents [12,13]. Owing to excellent thermal, chemical & mechanical stability
& unique electro-optic characteristics, it has been under study for metal containing ceramic-composites, and radiation protection
applications [14-20]. It has also been extensively deliberated for catalytic applications owing to its unique porous structure [21-24].
The most important claim for NiAlyOy4 is its potential application as metamaterial owing to its distinctive dielectric response [25].
However, its permittivity response to incident AC frequency, Magnetic behavior and polarization & conduction mechanisms are not
conclusive [26-29]. Such anomalies originate from the cationic distribution within partially-inverse spinel structure [12] which has an
order-disordered face-centered cubic structure with Fd3m space group [30,31]. The cationic distribution directly relates to the degree
of inversion in spinel structure [32] and is generally explained in terms of variations of oxygen vacancies [33], magneto-crystalline
anisotropy [34] or a consequence of external pressure [35] but lacks a comprehensive narrative.

In this manuscript we have addressed this cationic distribution conundrum and have related it with electrochemical behavior of the
cations within the spinel crystal lattice. For this purpose, nickel ions in nickel aluminate were substitutionally doped in small amounts
with cobalt. The spinel crystal structure of Ni; CoxAloO4 (Where x = 0.01, 0.03 and 0.05) and symmetries therein are made sure to be
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kept intact with these stoichiometric variations in order to rule out effects of changing lattice and possible point defects. Owing to its
similar ionic radii [36] but substantially different valence electronic structure as that of Ni, low concentration substitutional doping of
Co for generating electronic perturbation without disturbing the crystal structure is opted. Structural (X-ray diffraction), electrical
(Impedance Spectroscopy) and magnetic analysis are utilized to ascertain the effect of cobalt’s ambivalent oxidation state on cationic
distribution in nickel aluminate matrix.

2. Experimental

In Present research work, pure Crystalline phase of NiAl,O4 was synthesized by using the normal strike co-precipitation method
[18] which is found most suitable for NiO free crystalline phase (Supplementary information). As reported elsewhere [37],
co-precipitation method is ideal for uniform size distribution. The procedure includes mixing stoichiometric ratios of nickel nitrate
hexahydrate [Ni(NOs3)2.6H20] and aluminum nitrate nonahydrate [AI(NO3)3.9H,0] in deionized water. The cationic solutions were
mixed together under strong stirring at 60 °C for 30 min after which 10 ml of reaction medium (33 % ammonium hydroxide) was
drop-wise introduced during vigorous stirring (800 rpm) for another 45 min.

The greenish-blue precipitates were separated by centrifuging the reaction mixture and subsequently washed with deionized water
until neutral pH before drying overnight at 60 °C. The dried precipitates were ground into powder and calcined at 1100 °C for 12 h. For
doped samples, 1 %, 3 % and 5 % of total weight was calculated and respective amount of nickel nitrate was substituted with cobalt
nitrate hexahydrate [Co(NO3),.6H20] to introduce Co-doping in nickel aluminate lattice and samples were labeled accordingly.

Powder X-ray diffraction was measured for crystal structure determination using Rigaku DMAX-III with Cu-Ka radiations generated
at 35kV (30 mA) in the 26 range of 10°-80°. In order to establish the purity of NiAl,04 crystalline phase, all diffraction patterns were
subjected to Rietveld [38] fitting based on pseudo-voigt profile as implemented in Rietica software package [39] using Fd3m (227)
cubic space group with the origin at (1/2, 1/2, 1/2) and reported structural parameters [40]. Careful refinement of occupancies
ensured to balance the oxygen vacancies with minimum divergence of fitting (goodness of fit).

The electric/dielectric properties were measured via Electrochemical Impedance Spectroscopy by using Alpha-N High Resolution
Dielectric Analyzer (NovoControl, Germany). Circular pallets of 10 mm diameter were pressed using 3 mg sample powder which were
subsequently heat treated at 600 °C (3 h) to improve the grain-to-grain contact and mechanical stability of pallet. Contacts were made
on opposite sides of pallets using silver paint and copper wires and cured at 150 °C for 2 h. Impedance response to applied AC signal
(50Hz-500 kHz) was recorded with a perturbation of 0.5V and fitting for equivalent circuits was performed with Z-view software.

Lakeshore 7400 Vibrating sample magnetometer (VSM) is used to study the magnetic behavior of pure and Co-doped samples at
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Fig. 1. (a) Rietveld fitting of NiAl;04, (b) powder diffraction pattern for synthesized samples and (c) SEM image of synthesized material.
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room temperature.
3. Results and discussion

The Rietveld analysis revealed pure crystalline partially-inverse-spinel structure of NiAloO4 as shown in Fig. 1a. Table 1 summa-
rizes the fitted lattice parameters with Fd3m symmetry accurate to third decimal place with the reported value [40]. The cell volume of
521.8 A% and density of the sample (4.496 g/cm®) is also found in accordance to reported value of 4.499 g/cm® (ISCD#06277).
Analysis shows that this partially-inverse-spinel structure has both Nickel and Aluminum ions at the tetrahedral or T4 [8a] as well as
octahedral or Oy, [16d] sites giving it a complicated charge distribution. Owing to fast cationic self-diffusion, NiAl,O4 is reported to
show varying degree of inversion in spinel lattice originating from either external or chemical pressure [35]. Such distribution can be
attributed to presence of a combination of Ni*2/Ni™® & AI*2/A1™® ions instead of a divalent Oy, occupancy in conventional
inverse-spinel [23]. This cation distribution is further convoluted when small amount of ambivalent cobalt (Co™2/Co™) is introduced
to produce chemical pressure perturbation in the lattice. Additionally, owing to relatively smaller difference in the sizes of Co*? and
Ni*2 ions [36], no major structural deformation within Nickel Aluminate lattice is observed in powder diffraction patterns of doped
samples (Fig. 1b) as opposed to the established fact that lattice parameters tend to change with doping of ambivalent cations in spinels
[41]. The Rietveld fitting of the doped samples therefore also confirms the absence of any second phase peak thereby confirming the
cation distribution conundrum. Since Nit? is reported to be more diffusive than Nit2 in NiAly,O4 [42], it can be predicted that the
divalent nickel ions prefer the Oy, sites while the doped Co*? ions from the ambivalent mix preferentially sit at T4 position that cause
stretch in the partially-inverse spinel lattice nudging it towards slight increase in lattice parameters. But as the concentration of cobalt
increases, it tends to occupy both T4 as well as Oy, positions in the lattice. Co™ ions replacing larger Ni*2 jons at Oy, position shrink the
lattice a little. Younas et al. also reported such decrease in spinel lattice parameters to be associated with increased degree of inversion
in partially-inverse spinels [43]. Further doping of cobalt contributes to re-normalize the cationic distribution at the Oy, site thereby
expanding the lattice again. This also confirms earlier report of decreasing degree of inversion with increase in lattice parameter [35].
As reported earlier, 311 peak is most sensitive to this cationic shifting in the sub-lattice which is also observed in this study [23].
Hence; doping an ambivalent cobalt in NiAl;04 changes the degree of inversion in the already complex partially-inverse spinel
structure. Fig. 1c shows the FE-SEM micrograph of the synthesized NiAlyO4. It can clearly be observed that the irregular shaped
particles have at least one nanoscale dimension. Sundaresan et al. [44] have reported that in the lower dimensional regimes, otherwise
non-magnetic oxides tend to exhibit weak ferromagnetism, therefore a narrow magnetic hysteresis is expected.

The literature shows that the Nickel Aluminate has very low mobility carriers due to strictly localized charged species showing
polaron hoping mechanism [12]. Such behavior can easily be explained with the help of Maxwell-Wegner model [45]. According to
this model, the overall conductivity depends upon the well conducting grain (Bulk or Grain interior) and poorly conducting grain
boundaries (Inter grain), respectively. Since our samples have a complex cationic distribution involving both di- and trivalent moieties
of the same element, the periodic lattice within grain interior consists of strained regions where ambivalence oxidation states of Nickel,
Aluminum and cobalt come into play. These regions or domains inside the bulk (grain) resonate at slightly different AC signal and thus
are treated as discrete sections similar to volume defects by the hyper-sensitive Impedance spectroscopy technique. This reasoning is
strengthened from the fitting of equivalent electrical circuit model to the measured data which gives at least two distinct circuit el-
ements for best fit as shown in Fig. 2b. These two elements are argued to represent the two competing crystallographic phases of
inverse and normal spinel structures respectively.

Table 2 shows the best fitting parameters for equivalent electrical circuit model with reduced chi square (y%?) value in the range of
107> for all samples indicating goodness of fitting. It is well established [46] that the fitted capacitor value in equivalent circuit model
of the order ~10712 F & ~10~!! F originates from the bulk of grain and interfaces respectively. As It can be observed from the table
that all capacitance values for pure NiAl,04 range in the order of ~10712 F indicating that both circuit element represent resonance
taking place inside bulk of grain. Substituting very low concentration of nickel with cobalt acts as a chemical perturbation without
changing the overall crystal lattice. Therefore, the 1 % Co-doped sample show an increase in capacitance by an order of magnitude
indicating changing of bulk into interface region in one of the two circuit elements. Such behavior is established to be a result of
combination of di- and trivalent ions from all ionic species in the lattice [23]. The variation in the capacitance is mainly observed in the
first circuit element representing inverse spinel structure while the second circuit element expressing the normal spinel structure
remains unaffected although it does show small fluctuation in the overall resistance of that phase. This inference further consolidates
our previous conjecture of multiple ambivalence-cationic domains within the grain. For 1 % doped samples, the capacitance of
constant phase element is of the order of ~10~!! implying that at very low concentration of Co, it creates sort of cationic-interfaces
around these domains inside the bulk where the cations are eventually redistributed with increase in Co doping. It should be noted that
higher cobalt concentration samples (5 % doping) show a similar response as that of pure NiAl;04 signifying normalization of lattice

Table 1

Fitted Parameters of pure and Co-doped Nickel Aluminates.
Sample Lattice parameter (;\) R, Rup GOF
Pure 8.0507 11.66 14.66 1.210
1 % Co doped 8.0542 11.32 14.49 1.203
3 % Co doped 8.0509 11.21 14.18 1.082
5 % Co doped 8.0525 11.36 14.23 1.081
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Fig. 2. (a) Impedance plain plot of pure and Co- Doped samples. Inset shows the zoomed in view of plot. (b) Fitted equivalent electrical cir-
cuit model.

Table 2

Fitting parameters for equivalent electrical circuit.
Sample R; (Q) C of CPE (F) n G () R, (@) Gz (F) s
Pure 8.76 x 108 1.93 x 10712 0.55 1.53 x 10712 8.51 x 10° 3.03 x 10712 0.12 x 107°
1 % Co Doped 4.53 x 10° 2.40 x 10711 0.56 3.50 x 10712 1.94 x 10° 4.70 x 10712 9.61 x 107°
3 % Co Doped 1.04 x 10° 1.41 x 10712 0.58 9.64 x 10713 7.41 x 10° 3.17 x 10712 6.87 x 107°
5 % Co Doped 9.05 x 108 1.38 x 10712 0.56 1.13 x 10712 1.26 x 10'° 1.66 x 10712 5.19 x 107°

towards redistributed partially-inverse spinel structure. This may be interpreted in terms of Cot2/Co™> system replacing Al*2/Al*3
exchange mechanism. Fig. 2a shows the impedance plain plot (Nyquist plot) for the measured samples. The slope hints at a large
apparent-semicircle which is convoluted/superimposed result of normal as well as inverse cationic-domains within the lattice grain
(bulk). Form inset of Fig. 2a, it is also clear that the high frequency side of the curves do not pass through the origin indicating existence
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Figure: 3. Magnetic Hysteresis for pure and doped NiAl;Oy.
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of other relaxations beyond measuring range of the instrument.

From the trends of the semicircular arcs, it can be deduced that the lowest doped sample (1 %) has the smallest overall diameter of
extrapolated semicircle implying that its impedance is least of all including pure NiAl;04. The most probable reason is the preference of
smaller cobalt ions to occupy T4 positions rendering the Ni*3/Ni*2 and Al*3/A1*2 electron super-exchange coupling intact at Oy, sites
thereby supplying more charge carriers for conduction. Increasing cobalt substitution invokes the ambivalent behavior to introduce
Co™2/Co™® exchange system in the material. This accordingly gives rise to double exchange interactions reducing the conductivity as
evident from reduced slop. At higher frequency end, the semicircular arcs are depressed to approximately a similar amount except for
3 % doped which suggest a different type of distributive element having more than one relaxation time due to ambivalence cationic-
domains in the lattice. The depression angle signifies the deviation from pure/ideal capacitor behavior which is accommodated in the
form of constant phase element (CPE) in the equivalent circuit model. CPE is related to capacitance by C=R"~™/" (CPE)'/" as reported
elsewhere [47]. The value of “n” gives the deviation from ideal capacitor behavior having maximum value of 1 for pure capacitive and
0 for pure resistive components. Table 1 highlights the fitted parameters on the equivalent circuit model showing smallest value of “n”
for 3 % doped sample with largest depression angle (12.89°).

Magnetic measurements of pure and Co-doped samples were carried out at room temperature by using vibrating sample magne-
tometer (Lakeshore 7400) within the field range of £1.5 T. Fig. 3 shows that the pure as well as doped samples form characteristic S
shaped narrow hysteresis similar to the weak ferromagnetic results reported by Jayasree et al. [48]. It is pertinent to add that the shape
and size of the hysteresis strongly depends upon preparation method of NiAl;04. According to Néel’s model [49] for spinel structure,
magnetization of Td sites are anti-parallel to the magnetization of Oh sites partially canceling each other. The resulting magnetization
is a difference of magnetic moment between Oh and Td sites (M = pB-pA) [50]. Han et al. [27] reported that NiAl;O4 is antiferro-
magnetic (AFM) with slightly frustrated spins. This magnetically frustrated spin structure is similar to the canted spin ferrimagnetism
of homologous NiFe;04 [43] observed at the defect boundaries and tend to vary with degree of inversion in spinel lattice. Additionally,
the theoretical investigation by Elias et al. [51] suggests NiAl,O4 to have antiferromagnetic arrangement for optimized Hubbard U
through van der Waals’s (optB88-vdW) and Hybrid (HSE06) Potentials. Therefore, we can argue that an incomplete compensation of
magnetization exists in NiAl,O4 giving it ferrimagnetic structure.

The super-exchange coupling arising from cationic distribution discussed above is also known to result in AFM arrangements
confirming our previous conjecture. The AFM ground state combined with magnetically frustrated spins acts as pair of co-existing
phases where interface is pinned in the backdrop of normal spinel cationic domains. Introduction of cobalt in the system provides
NiAl;04 with small number of loosely held magnetically frustrated spins near the cationic-domain interfaces which in the presence of
applied magnetic field re-align to enhance overall ferrimagnetic behavior of the lattice as observed by the relatively broadened
hysteresis loop. A further increase of cobalt seems to substitute the A1"2/Al*2 system thereby highlighting the paramagnetic nature of
dilute magnetic system as reported by Chen et al. [52] which can be seen from the reducing slope and coercive strength at higher cobalt
concentrations.

It is well known that overall magnetization of spinel lattice is increased by increasing the magnetic moment at Oy, (octahedral) or
decreasing the magnetic moment at Tq (tetrahedral). So the cation distribution within spinel lattice holds the key to tune the magnetic
properties of a substance. There are two unpaired electrons of Ni*2 ions while Co*2 have 3 unpaired electrons which makes substi-
tution of Ni*? with Co*2 more magnetic. The relatively larger Co™? preferably occupy Oy, thereby increasing the overall magnetization
(M) as tabulated in Table 3. As the concentration of cobalt increases, the added cobalt occupies Tq sites in place of Al*2 pushing it in
Al oxidation state with a partial paramagnetic (PM)/superparamagnetic behavior and the hysteresis loop tends to show a compe-
tition of AFM and PM phases.

It can be observed from the table that the coercivity H. values related to magneto-crystalline anisotropy or difficulty of magne-
tization in certain direction within crystal lattice also vary with cobalt concentration. We argue that this variation of coercivity is also a
proof of cationic-domains within the bulk crystal lattice. Introduction of very small amount of Co™2/Co™ ions in the material disturbs
the cationic distribution within the bulk and interfaces of normal and inverse spinel becomes dominant thereby increasing magne-
tization and hence anisotropy. With increasing Co*2/Co™> ions, the cationic distribution is rearranged and consequently cationic-
domain structure is again stabilized with expulsion of Al"2 jons from octahedral sites in inverse spinel arrangement. The aniso-
tropic constant (K) calculated from the formula H. = 0.96K/M; [53] also conforms with our conclusion of rearrangement of
cationic-domain structure.

Fig. 4a shows the change in AC conductivity with respect to the frequency at different concentration of cobalt doping. As discussed
above, the general trend of conductivity can be explained via Maxwell-Wegner model which suggests that at lower frequency, poorly
conducting grain boundaries; in our case cationic-domain-interfaces; are active that in turn lead to very low conductance and at higher
frequency range the conducting grain; in our case cationic-domains within bulk/grain; become active that shows heightened con-
ductivity. This conduction takes place through polaron hopping [12] and can further be divided into two types namely inter-well

Table 3
Magnetic Characteristics of the pure and Co doped NiAl,O4.
Sample Coercivity Saturation Magnetization (M) Remnant Magnetization (M,) Squareness Ratio (R = M,/My) Anisotropic Constant (K)
Pure 214.48 0.48763 38.28 x 107 0.078 108.9
1 % Co Doped 443.0716 0.49218 56.68 x 103 0.115 227.1
3 % Co Doped 317.18 0.34637 20.82 x 107 0.060 114.4
5 % Co Doped 339.12 0.34037 17.29 x 107 0.050 120.2
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Fig. 4. (a) Conductivity, (b) tangent loss and (c) dielectric response of the pure and doped samples as a function of frequency.

hopping that occurs between two adjacent defect-wells and intra-well hoping of charge carrier within a potential well (defect) ac-
counting for the DC portion of conductivity. The inter-well hoping follows the AC field at low frequency that leads to the dielectric
relaxation and as the frequency increases; intra-well hoping becomes major contributor. At higher frequency levels, field reversal
occurs very rapidly and polarons don’t have enough time for long range hoping before the direction of field reverses and thus the
dielectric constant at higher frequency almost becomes constant. Additionally, the polarization originating from ions has a charac-
teristic of electronic relaxation inside grain [26] observed as a broad peak in tangent loss against frequency spectrum. In the case of
material under study, we argue that the interior of grain is further sectioned into cationic-domains which have essentially the same
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lattice arrangement but vary in terms of oxidation state of the certain cations constituting the partially-inverse spinel structure. Since
the material has a group of such cationic domains in a crystal grain, it is expected to see more than one, merged broad peaks in the tand
versus frequency plot. Fig. 4b shows the tand verses frequency plot highlighting merged/convoluted peaks which represent relaxations
taking place within grain as described by Mo et al. [26].

Similarly, the dielectric response shown in Fig. 4c has a profile analogous to compact nano structured ceramic oxides [26]. It is
quite apparent that despite the similarity of plot, 1 % Co doped sample has higher value of dielectric constant then other samples. This
behavior can be attributed to cationic-domain-interfaces that emerge due to chemical pressure from doping of Co*2/Co™ in low
amount. These interfaces act as dielectric medium thereby enhancing the overall permittivity of the material. Further increasing cobalt
doping rearrange the cationic distribution as larger cobalt ions distributed between T4 and Oy, sites within grain structure further
reducing the interfacial volume. This in turn reduces the permittivity values again but owing to blockage of super exchange in
AI*2/A1*3 system, it’s value is still larger than the pure NiAlyO4. It is interesting to note that although the partial-inversion of spinel
structure has been known to have varying cationic distribution, this report presents the first ever observation offering an explanation
on the subject.

4. Conclusion

Nickel Aluminate with cobalt substitutional doping was synthesized with partially inverse spinel structure and compared to the
published literature. The cationic distribution in the partially-inverse spinel structure is correlated with the cationic-domains within
the lattice which are identified as regions in the bulk having same lattice arrangement but different cationic oxidation states (normal
and inverse spinel lattice). The inconclusive dielectric behavior reported in literature is hereby suggested to originate from this cationic
domain structure inside the bulk. The results show that the cationic distribution is changed by perturbing the system with introduction
of low concentrations of ambivalent substituents while keeping the same lattice arrangement within the crystal. This tunability of
domain structure is deduced with the supported by crystal structure analysis, electrochemical impedance spectroscopy and magne-
tization measurements.
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