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Chapter

Stoichiometric and
Nonstoichiometric Compounds

Paras Dubey and Netram Kaurav

Abstract

This chapter gives a general overview of synthesis and recent development of
nickel oxide as a nonstoichiometric compound. We establish the synthesis chemis-
try of nickel oxide as a nonstoichiometric material, and hence successively intro-
duce definitions and classifications of nonstoichiometric compounds as well as their
point defects. The samples of nonstoichiometric nickel oxide are synthesized by
thermal decomposition method. The nonstoichiometry of samples was then studied
chemically by iodometric titration, and the results are further corroborated by
excess oxygen obtained from the thermo-gravimetric analysis (TGA). X-ray dif-
fraction (XRD) and Fourier transformed infrared (FTIR) techniques are used to
analyze structural phase of nonstoichiometric nickel oxide. The change in oxidation
state of nickel was studied by X-ray photoelectron spectroscopy (XPS) analysis.
The shift in antiferromagnetic ordering and transition temperature due to
nonstoichiometry is studied by magnetic and specific heat capacity analysis.

Keywords: nonstoichiometry, defect study, nickel oxide, thermo-gravimetrical
analysis, iodometric titrations

1. Introduction

In solid-state chemistry, the study of compound has been expanded to the
crystal structure level. The law of definite proportions, the law of constant compo-
sition, and the law of conservation of mass state that a chemical compound always
contains exactly the same proportion of elements by mass. All chemical compounds
obeying these laws are called as stoichiometric compounds. While
nonstoichiometric compounds are the chemical compounds deviated from stoichi-
ometry, namely their elemental composition cannot be represented by a ratio of
well-defined natural numbers, and therefore violate the law of definite proportions,
hence a nonstoichiometric compound is a type of special solid-state compound with
definite structure and thermodynamic characteristics, which differs from its stoi-
chiometric counterpart and a mixture. Due to defect structure in a continuous
manner, these compounds are different with stoichiometric compounds. Beside
some unusual information on solid-state chemistry, stability, and dynamics can be
explore through their structure and characteristic. These nonstoichiometric com-
pounds exhibit different properties such as conductivity, magnetism, catalytic
nature, color, and other unique solid-state properties, which have important
technological applications.
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Experimental and calculated results demonstrate that the migration of anion and
cation vacancies and the formation of insulating vacancy clusters near the vicinity
of the interface are the fundamental switching mechanism [1]. The enhancement in
photoconduction under below-band gap light illumination is attributed to the tran-
sition from defect levels (e.g., oxygen vacancies) [2]. The unique properties are
determined by their solid phase composition, thermodynamic properties, and crys-
tal defect structure. These properties depend upon the structure and phase of the
crystal; hence, the unit cell parameter plays an important role in nonstoichiometric
compound, which varies in a definite manner. The microscopic structural and
macroscopic thermodynamical properties also vary with phase and unit cell param-
eters. The X-ray diffraction study reveals that as the composition of the
nonstoichiometric compound changes, the cell parameter and other property con-
tinuously changes, which is different from crystalline stoichiometric compound.
Hence, X-ray diffraction and chemical analysis are important tools to investigate
the nonstoichiometry [2]. The lattice defect can be analyzed by their different
properties [2]. Hence, nonstoichiometry plays very important role in the solid
compounds of transition metals and becoming a challenge and new opportunity in
chemistry. Therefore, study of the nonstoichiometric compounds has become an
interesting field in solid-state chemistry and defect chemistry.

There are significant structural changes that are seen in nonstoichiometric com-
pounds. The phase of matter changes as external conditions such as pressure,
temperature, or chemical composition are varied. Due to sudden change in these
external thermodynamical conditions, the crystalline structure also changes. Thus,
an abrupt change in thermodynamical conditions, such as specific volume, entropy,
or specific heat, also changes the derivatives of free energy. Therefore, these
parameters can be used as a helpful indicator of phase transitions. The abrupt
changes can identify them as driven by a pseudo phase transition that is a result of a
sharp switch of predominant defect species [3]. The defect that is introduced by
sudden change in conditions, changes the physical properties of a material. It is
quite different from the abrupt variation in physical properties that arises from
symmetry or ordering change in a conventional phase transition. Therefore,
according to the conventional classification, a defective state of a material cannot be
labeled as a distinct physical phase compared with the perfect one.

In this chapter, we tried to understand the effect of change in stoichiometry of
nickel oxide compound. We have prepared the samples of nickel oxide with thermal
decomposition method. The samples were analyzed by different characterized
methods and found to nonstoichiometric. The effect of nonstiochiometry on oxida-
tion state, bonding between oxygen and nickel, magnetic property, specific heat,
and structural property were studied.

2. Classification and point defect formation in nonstoichiometric
compounds

The compounds with uniform physical phase in which unit cell parameters vary
with its composition in a continuous manner are nonstoichiometric. The free energy
of such compounds is function of composition and temperature of the system. The
chemical potential depends on the composition of solid, and due to microscopic and
macroscopic characteristics, the structural and thermodynamical property changes.
Different parameters of crystallography cell, obtained by X-ray diffraction analysis,
change due to nonstoichiometry. This parameter continuously varies with its
composition [3].
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Figure 1.
Schottky and Frenkel defects.

Element composition is the main criteria to classify the nonstoichiometric com-
pounds. These compounds exist only in the condensed state. Transition metal
oxides are generally nonstoichiometric, some nitrides and sulfides also comes under
such category [4-6]. Most nonstoichiometric compounds have compositions that
are close to those of stoichiometric compounds and can be expressed by formulas
such as WO3_4, Co; 40O, Zny,;0, and Ni; O, in which x is a positive quantity
much smaller than 1. In the first case, an oxygen vacancy would be formed, and in
some cases, there is metallic deficiency that is seen. Due to deviation from stoichio-
metric composition, it would result in the formation of some lattice imperfections.
Hence, in some nonstoichiometric compounds, there are anionic vacancies and in
some, there are cationic vacancies. These vacancies are formed due to defects in the
lattice structures of crystalline substances, such as the absence of ions from sites
that would normally be occupied. The crystallographic point defects are the main
defects in which interstitial atoms and vacancies resulting from excess or deficiency
of a component element. Point defects are an important cause of formation
of the nonstoichiometric compounds. There are two main point defects in
nonstoichiometric compounds namely Frenkel defect and Schottky defect. The
Frenkel defect explains a defect in the molecule, where an atom or ion (normally,
the cation) leaves its own lattice site vacant and instead occupies a normally vacant
site, while the Schottky defect forms when vacancies are created when oppositely
charged ions leave their lattice sites. Formation of theses vacancies in stoichiometric
system helps in maintaining an overall neutral charge in the ionic solid. These
created vacancies are filled by the movement of surrounding atoms, due to which
new vacancies are formed. The formation of defects in the crystal will lead to a
decrease in the density of the crystal or metal. This can be understood by Figure 1.

3. Nonstoichiometry in nickel oxide

Nickel oxide is an antiferromagnetic [7] and Mott-Hubbard insulator [7]. Nickel
oxide (NiO) has been among some of the transition metal oxide, which is most
thoroughly studied by the researchers. It can be easily synthesized and is very low in
preparation cost, the nature of this material is such that it has low toxicity and it is
environmental friendly. These properties of nickel oxide attracted considerable
interest of the researchers. Due to its versatility, nickel oxide is useful in number of
applications, such as transparent conductive film [8], chemical sensors [9], and
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resistive random access memory [10]. The positive electrode in batteries [11] and in
quantum dot light emitting devices as a hole transport layer [12] are some of the
very latest and important applications of nickel oxide material. The condition of
synthesis of the material plays very important role in the applications. If the condi-
tion of sample preparation changes, then the oxygen content of the sample also
changes, and NiO of different stoichiometry (Ni;_sO) can be obtained. In such
samples, the composition ratios between nickel and oxygen are not exactly 1:1.
Because of excess oxygen and vacancies on Ni site, nickel oxide thus becomes a p-
type metal-deficit semiconductor [8]. The findings of investigations done by
authors suggest that Ni vacancy is the most dominant point defect present in the
system, rather than oxygen interstitial [13, 14]. The distribution of vacancy over a
particular volume is an important issue. Due to difference in the nature of surface
and bulk, the defect formation and hence distribution of vacancy will be different.
The charge transport in NiO, as in other transition metal oxides, is of the thermally
activated hopping type, and electron holes are localized at cation lattice sites. The
nature of defect clusters and complexes in metal-deficit NiO, as well as the role of
specific impurities, influence remarkably the different characteristic properties of
nonstoichiometric NiO. This specific vacancy distribution has its strong effect on
the overall electrical [15], optical [16], and thermal [17] properties, depending
strongly on its stoichiometry.

The main reason for changes in properties could be the excess oxygen present in
the samples. This excess oxygen also changes the oxidation state of nickel, which
produces a vacancy at the metal side to produce cation vacant nickel oxide. As the
temperature of sintering of precursor increases, the excess of oxygen decreases. Due
to increase in the excess of oxygen, densities of nickel oxide and activation energy
of electrical conductivity decrease, but the lattice parameter of such samples is
unaffected [18]. The diffusion of vacancies to the crystal surface is the main reason
for the decrease in vacancies [19].

NiO adopts the NaCl structure, with octahedral Ni(II) and 0%~ sites. The con-
ceptually simple structure is commonly known as the rock salt structure. Like many
other binary metal oxides, the nonstoichiometry is accompanied by a color change,
with the stoichiometrically correct NiO being green and the nonstoichiometric NiO
being black. Bulk material of NiO has a cubical crystal structure, and it shows
antiferromagnetic behavior below Neel temperature, and above it, the structure is
transformed into a cubic one with paramagnetic behavior [20]. The change in the
particle size is attributed to the excess oxygen present in nonstoichiometric nickel
oxide. Scientist suggested that due to the change in oxygen content of the sample,
the complexity of the disordered arrangement, volume distribution, and random
orientation of the magnetization vector changes; hence, thermal, optical, electrical,
magnetic, and many other properties of sample change. Due to the change in the
particle size of antiferromagnetic materials sintered at different temperatures, the
surface to volume ratio becomes sufficiently large. Because of their large surface
area, the existing uncompensated spins give a nonzero net magnetic moment.

4. Synthesis of nonstoichiometric nickel oxide

Preparation of compound plays an important role in its characteristic properties.
Nonstoichiometric compounds, whose composition and structure are known, are
very important as they have unique optical, electrical, magnetic, thermal, and
mechanical properties. The selection of precursor for design and tailoring the mate-
rials of different stoichiometry for desirable performance is of great interest. By
means of effective and precise control of the composition, defect, and structure, the
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nonstoichiometry can be created. Depending on the conditions of preparation, the
sintering temperature, in particular, NiO samples of various surface areas, colors,
and degrees of nonstoichiometry can be prepared. Nickel oxide can easily be pre-
pared via several methods, including chemical route, evaporation [12], sputtering
[8], chemical deposition [21], oxidation of nickel [22], sol-gel method [23], and
thermal decomposition [24]. Thermal decomposition method is a typical powder
preparation method, which is simple, low-cost, and fast endothermic process.

Nonstoichiometric nickel oxide was obtained by thermal decomposition of
nickel nitrate hexahydrate [25]. Typically, about 5 g Ni(NO3),.6H,0 was
decomposed thermally in open air for 3 hours at 400°C to produce nickel oxide
sample with a particular content of oxygen (Ni;_s0). The product thus obtained
was pure and contains no other mixture. This exothermic reaction is noncatalytic
and does not require any other substance to initiate the reaction. The output mate-
rial obtained by breaking down the precursor is nickel oxide and gaseous parts,
which are escaped from the system freely. The decomposition mechanism of this
process takes the minimum time-temperature condition. This sample was denoted
as NiO400. Similarly, seven other samples were prepared at 500, 600, 700, 800,
900, 1000, and 1100°C. They were denoted NiO500, NiO600, NiO700, NiO800,
NiO900, NiO01000, and NiO1100, respectively.

5. Characterization of nonstoichiometric nickel oxide

The study of compositions, substance phase, and defect are main parameters to
characterize nonstoichiometric compounds. The effect of nonstoichiometry on
composition, structure, and other properties is studied while characterizing these
types of solids. These properties highly depend on the defects in the crystal. In the
present study, composition can be determined by means of chemical analysis by
iodometric titration, which was corroborated by thermo-gravimetric analysis
(TGA). Phase and structure can be examined through X-ray diffraction, XPS ana-
lyses, and relationship of the composition, structure, and properties can be detected
using FTIR, magnetic measurement, and specific heat measurement. So, we can
categorically confirm that the nickel oxide is a nonstoichiometric compound rather
than a stoichiometric compound. Furthermore, this FTIR also confirms the bonding
of oxygen with metal ions, and shift in the FTIR peaks indicates change in
stoichiometry of the as prepared samples.

Oxidation sate along with chemical nature and binding state were analyzed by
X-ray Photoelectron Spectroscopy (XPS). This method is a surface analytical
method, hence all the properties that change with composition were studied by this
method. The behavior of transition temperature with change in stoichiometry
was studied by temperature dependence of magnetic susceptibility (c) and heat

capacity (Cp).

5.1 Structure determination of nonstoichiometric nickel oxide

To confirm the phase structure of polycrystalline powder sample, X-ray diffrac-
tion technique is one of the most important methods. This method can be used for
the determination of the phase structure and unit cell parameters. The XRD mea-
surements of the nonstoichiometric nickel oxide samples are conducted with the
help of Bruker D8 Advance X-ray diffractometer. Cu Ka radiation (0.154 nm) is
used for the analysis, and measurements were done in the angle ranging 10-90°.
Silicon strip technology is used to detect the scattered X-ray radiations.
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Figure 2.
X-ray diffraction patterns of different nonstoichiometric samples.
Intensity (%) 20 Sin” 0 h? + K412 C (hkl) a(A) a(A)
61.69 37.279 0.1022 3 0.034 (111) 41772 4.1775
100 43.472 0.1365 4 0.034 (200) 4.1727
44.83 62.901 0.2722 8 0.034 (220) 41772
15.68 75.416 0.3741 11 0.034 (311) 4.1772

Table 1.
Crystallographic data using analytical analysis for NiO samples.

XRD analysis was employed to investigate the crystallinity and purity of the
solid product obtained by thermal conversion in air of the polycrystalline com-
pounds. Figure 2 shows XRD patterns of Ni; O samples, NiO400, NiO500,
NiO700, NiO1100 and NiO600, NiO800, NiO900, and NiO1000. XRD peaks
match well with the standard XRD of with no other impurity peaks, showing that
these samples were of a single phase in nature in each of them. The XRD data show
the presence of the characteristic peaks for NiO at 26 in the range of 10-90°, in
accordance with JCPDF File 47-1049. The lattice parameters were obtained from
the following relationship analytically: sin26 = C (h? + k* + 12), where C = A*/4a%. The
results of the X-ray structural analysis are given in Table 1.

On comparing peaks obtained in X-ray analysis with standard JCPDF File
47-1049, we conclude that the precursor salt is transformed to NiO. Hence, data
from analytical and structural analysis corroborate with the experimental data. This
indicates that the NiO obtained by thermal conversion in air of the poly-nuclear
coordination compounds is face-centered-cubic phase, also known as the bunsenite
structure (lattice constant a of cubic unit cell, 0.4177 nm). Phase of the NiO pre-
pared by thermal decomposition method is stable, as no other peaks were seen in
the structural analysis.

Further, Sherrer formula: L = k\/pcos(0) is used to calculate the mean crystallite
size of the NiO sample where L is the crystallite size, k is the Sherrer constant,
usually taken as 0.89, A is the wavelength of the X-ray radiation (0.154056 nm for
Cu Ka), and f is the full width at half maximum (FWHM) of diffraction peak
measured at 26.

The deduced values of crystallite size of the analyzed NiO samples are reported
in Table 2, which indicates that as the sintering temperature of precursor increases
the crystallite size of NiO changes.
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Compounds a(Ad) V(A% Rffactor Bregg’s R-factor R, R,, R. x> L (nm)
NiO (400°C) 4.176  72.82 2.39 3.94 24 167 149 126 240
NiO (500°C) 4174 7274 4.44 4.33 29 196 167 1.38 290
NiO (700°C) 4172 72.64 4.04 4.51 22 158 133 1.16 350
NiO (1100°C) 4170 27.58 20.4 31.7 56 374 223 267 460
Table 2.
Rietveld parameters of different NiO samples.

NiO(700°C)

Intensity (a.u.)

26(°)

Figure 3.
Rietveld profile fit for NiO400 and NiO7o00 samples.

XRD patterns were profile-refined using the Full-Prof software package
(http://www-llb.cea.fr/fullweb/). Figure 3 gives the representative Rietveld profile
fit for NiO400 and NiO700 samples along with different patterns obtained by using
Fm3m (225) space group. The XRD analysis indicates that samples of nickel oxide
have only one face-centered-cubic (fcc) phase. Table 2 gives the parameters of
samples found in the characterization. XRD study reveals all the peaks of NiO
that are present, and the calculation indicates unit cell volume changes with
stoichiometry.

5.2 Stoichiometry and defect analysis of nickel oxide

In nonstoichiometric compounds, there exist defects in the lattice structures of
crystalline substances. As there are no absolute defect-free crystals at T > 0 K, hence
these defects are related to nonstoichiometry. To determine oxygen content, that is,
change in vacancy of nickel oxide formed by thermal decomposition method, the
redox iodometric titration is the suitable method. For iodometric titration, stan-
dardized sodium thiosulfate and potassium iodide solution were used as a titrant
and titrand, and starch solution is used as an endpoint indicator. The result obtained
from iodometric titration was matched by the results of thermo-gravimetric analy-
sis (TGA). The TGA system with the top of the line METTLER TOLEDO ultra-
micro balance with unique built-in calibration weights ensures an accuracy of
0.1 mg was used.

For iodometric titrations, 0.0025 g sample was dissolved in KI and HCI solution.
The concentration of KI was 0.1 mol ' and concentration of HCl was ca. 0.1 mol %,
titration was carried out using sodium thiosulfate (2.023 x 1072 mol™?) as a titrant.
The starch solution was added prior to the end-point being reached as it acts as
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indicator. Table 1 shows the results of excess oxygen in NiO samples obtained by
iodometric titration. The oxygen content of the samples indicates that the ratio of
oxygen concentration to nickel concentration is greater than 1 for those samples,
which were prepared below 700°C, and as the temperature increases above 700°C,
the O/Ni ratio becomes nearly equal to 1.

The result of iodometric titration indicates that, on sintering, the precursor
below 700°C nickel oxide having different oxygen contents can be prepared. As the
sintering temperature is raised above 700°C, the excess oxygen present in the
samples evolved, and the sample becomes stoichiometric. It can also be inferred
from the above results that the oxidation state of nickel ions is also affected by
sintering temperature. This titration also gives the amount of Ni** present in the
samples, and hence the percentage of excess oxygen can also be determined. This
can be obtained by considering that two Ni>* ions correspond to three ions of O*".

The excess oxygen content of the samples was also calculated by TGA. The TGA
analysis was performed in the inert atmosphere, in which the change in weight of a
sample was analyzed with respect to temperature. TGA characterizes the materials
according to its compositions. For our samples, by obtaining the weight loss with
respect to increase in temperature, the weight of the excess oxygen is determined
directly. Figure 4a gives the information about the thermogravimetric (TG) curve
and its differential curve for NiO400 sample. Between 200 and 300°C, the sudden
change in the mass of the sample is observed, and this indicates the amount of
excess oxygen released in the heating process. This change in weight can also be
associated with the desorption of oxygen from sample, which confirms
nonstoichiometry. The other peak seen in the curve can be associated by the
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Figure 4.

TGA curves of nonstoichiometric Ni, ;O samples for (a) NiO400, (b) NiO500, (c) NiOyo0, and (d)
NiO1100; heating rate of 5°C per min. The curves indicate the change in oxygen content of different samples as

the sintering temperature increases.
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evaporation of the physically bound water. Hence, this change in the weight does
not have any contribution to the estimation of excess oxygen.

Unlike NiO400 TG and DGA curves for three more samples, that is, NiO500,
NiO700, and NiO1100 were plotted and shown in Figure 4b—d. It is clear from the
graphs that the loss in weight decreases as the sintering temperature for sample
preparation increases. The change in mass for NiO500 sample is less than that of
NiO400 sample and is negligible for the sample prepared above 700°C. The change
in weight of samples directly indicates about excess oxygen present in the sample,
which can be directly obtained from above TG curves and is shown in Table 3.
Comparing the calculated excess oxygen in these nonstoichiometric samples by two
different methods, it is understood that both results are similar to each other.

We have also prepared another sample of nickel oxide at 400°C, and the main
difference is that this sample was prepared in the presence of oxygen. This sample is
synthesized to understand the essential feature of excess oxygen in these
nonstoichiometric samples. Figure 5 shows the TG and DGA curves of this sample.
The curves shown in Figure 4a and in Figure 5 are almost similar. Hence, the
samples of NiO400 prepared in air and in oxygen atmosphere are identical to each
other. The weight of excess oxygen of sample prepared in presence of oxygen is
slightly less as compared to NiO400 sample, which was prepared in air. The

Samples Excess oxygen in iodometric Excess oxygen in thermogravimetric
titration (%) analysis (%)

Ni0400 7.2 7.8 (6.4)"

NiO500 25 2.8

NiO600 1.4 1.6

NiO700 1.1 1.2

NiO800 0 0

NiO900 0 0

NiO1000 0 0

NiO1100 0 0

"% excess oxygen calculated for NiO400 sample prepared in presence of oxygen.

Table 3.
Excess oxygen calculated from iodometric titration and TGA.
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Figure 5.
TGA curve of NiO400 prepared in oxygen atmosphere.
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difference in loss of weight percentage is calculated, and the values are reported in
Table 3. Hence from iodometric and TGA analysis, it can be understood that due to
rearrangement of atoms at high temperature, the defects of atoms get heals up and
the sample that was nonstoichiometric at low temperature becomes stoichiometric.
This is due to change in oxidation state with respect to change in temperature of
sintering of precursor.

5.3 FTIR study of nonstoichiometric nickel oxide

FTIR spectroscopic study of Ni;_sO samples provides valuable information
about the phase composition and the way in which oxygen is bonded to metal ions.
Figure 6a-d show infrared (IR) transmission spectra of NiO400, NiO500, NiO700,
and NiO1100 samples having different stoichiometry in the range between 400 and
4000 cm™'. We observed a prominent peak in spectrum between 440 and
460 cm ™. The slight shift in this peak for different samples is observed. This shift
in the peak is noticed for all those samples that were sintered below 700°C. The
reason of such peak shift can be attributed to stoichiometry of the samples. The
observation of such peak in the long wavelength region, analogous to previous
reports [26], could be assigned to the Ni-O stretching vibration mode, and the
shifting is an indication of the nonstoichiometry present in these samples. In fact, in
this long wavelength transverse optical mode, in which the sublattice of Ni** ions
moves 180° opposite to the sublattice of 0>~ ions for bulk NiO has been reported to
lie between 390 and 405 cm ™ * [27].

Some more peaks at 1032, 1383, and 1612 cm ™" in nonstoichiometric samples
sintered below 700°C are seen prominently, which indicates the presence of
hydroxide ions, nitrate ions, and some organic compounds. It is instructive to
mention that the thermal analysis evidently identifies that the Ni(NO3),.6H,0 was
decomposed completely to NiO at temperatures higher than 600°C [28]. The
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samples that are sintered till 600°C may contain some organic molecules. Further,
some of the bands found to be disappeared as the decomposition temperature
increases as TGA data indict that at higher sintering temperature excess oxygen
decreases [28]. Some carbon impurities are also present in the spectra, indicated
by 2924 and 3456 cm ™' peaks in the spectrum. Hence, FTIR data shown in

Figure 6a-d, TGA data shown in Figure 4a—-d, and iodometric analysis data are
corroborating each other and indicate that the samples are nonstoichiometric in
nature. Analyzing the data obtained by the vacancy model, the concentration of
hole in nickel oxide indicates that there is deficiency of metal in Ni; _sO. Cationic
vacancies of nickel in NiO are formed at nickel side due to the presence of

excess oxygen. These vacancies can be ionized to create Ni>* ions via the following
reaction:

1
2Ni}1ili + 502 — 2Nipn; + Og + Xh‘ (1)

one ionized nickel vacancy (Vy;) and two Ni** jons (Niy;) will produce when
two Ni%* ions (Niy;) will react with oxygen to produce in the NiO crystal. The holes
are donated by each created Ni** ion, which also alters the conductive NiO. The
results of iodometric titration, TGA, and FTIR analyses indicate that
nonstoichiometric nickel oxide is nickel-deficient. Hence, nonstoichiometric nickel
oxide behaves as p-type semiconductor because according to Eq. (1), we argue that
an increase in number of nickel hole concentration increases as Ni>* ions increase.

The majority of defects in nonstoichiometric nickel oxide is electron holes,
which creates the vacancies. The vacancy model crated by holes is confirmed by a
Seebeck coefficient [29], electrical conductivity [30], and other measurements. The
kinetic measurements of the rate of oxidation of nickel metal to nickel oxide are also
given by vacancy model [31]. The physical and chemical properties of
nonstoichiometric nickel oxide are altered by the defect processes, and hence excess
oxygen becomes prominent role player in such crystals.

By calculating inter atomic potentials, the energies of defect formation, migra-
tion, and substitution can be calculated by the atomistic simulation [32]. In the
present case, the potential describing interionic interactions is represented by ionic
pair-wise potentials of the form Eq. (2) Here, the first term represents long-range
Coulomb, the second term corresponds to Hafemeister and Flygare form of short-
range repulsive energies [33], and Van der Waals multipole are represented by third
and fourth terms, respectively.

#(r)= Z—+Zbﬁuexp( ! U]+Zc,, +Zdu.f;.].’8. (2)

The symbols: c;; and d;; are the Van der Waals coefficients, and f; is the Pauling
coefficient, respectively. Z,, is the modified ionic charge and parametrically
includes the Coulomb screening effect, while b and r are short-range parameters.
Thus, the effective interionic potential contains only three free parameters (Z,,, b,
and ), which can be determined from the crystal properties [34]. The short-range
potential parameters assigned to each ion-ion interaction were derived by empirical
fitting to observed structural properties. In the context of the Columbic term,
integral ionic charges are presumed, that is, 2" for Ni and 2~ for O, which enables a
straight forward definition of hole states as Ni>* or O ™. The deduced potential
parameters are listed in Table 4 for all the samples. It is clear from the calculated
parameters as the sintering temperature of precursor increases, the nature of
ordering in systems in which ions occupy sites on a face-centered-cubic (fcc) lattice
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Samples b (1072 erg) P (A) F (eV)
NiO400 39.51 0.388 39.592
NiO500 39.46 0.388 39.602
NiO600 39.40 0.388 39.612
NiO700 39.38 0.388 39.623
NiO800 39.40 0.388 39.612
NiO900 39.41 0.388 39.612
NiO1000 39.57 0.388 39.518
NiO1100 39.41 0.388 39.612
Table 4.

Interatomic potential parameter of nickel oxide sintered at different temperatures as discussed in Eq. (2).

(2) 27+ Peak B.E.(eV) FWHM|
a 8537 1.3
a' 855.3 3.1

b 860.9 5:1
b’ 865.9 3.3
c 871.4 1.8
¢ 873.2 3.5
d 878.0 3.9
d’ 3:1

Intensity (A.U.)
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Figure 7.
High-resolution XPS spectra of the Ni (2p) core levels of the Ni oxides decomposed at a temperature of (a) 500°
Cand (b) 700°C. The XPS spectra were decomposed using Voigt peak function fittings.
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changes and the nearest-neighbor (NN) and next-nearest neighbor (NNN)
exchange interactions also get altered. This happens in such a manner that the
structure of NiO undergoes a week cubic-to-rhombohedral distortion as a result of
the magnetostriction effect in the presence of excess oxygen in the samples [35].
The NN and NNN exchange interactions and the antiferromagnetic (AFM) struc-
ture of NiO are altered due to the presence of excess oxygen in the samples. Since
the radius of Ni** ions is smaller than that of Ni**. The Ni**-O*~ bond distance will
be short for those samples whose oxygen content is higher. In due course,
interatomic potential parameters and bond length change as the sintering tempera-
ture changes, the magnetic ordering transition temperature is expected to change
as we will discuss in later sections.

5.4 XPS studies of nonstoichiometric nickel oxide

The chemical properties and stoichiometry of nickel oxide were studied by XPS
analysis. For NiO500 and NiO700, XPS spectra of Ni (2p) core level are shown in
Figure 7a and b, while the XPS spectra for NiO400 and NiO1100 are shown in
Figure 8.

In both the spectra, distinct peaks for different binding energies can be observed
clearly along with the double peak features. These double peak features represented
for the Ni (2p) core levels are observed in all samples. Voigt peak fitting function is
used to analyze the double peak features of Ni(2p5,,) and Ni(2p;/,). These peaks
were fitted within the Shirley background. The binding energy of 853.7 (£0.2),
855.5 (+0.2), 860.6 (+0.2), 865.9 (+0.2), 871.4 (+0.2), 873.3 (£0.2), 877.9 (+0.2),
and 880.7 (+0.2) eV represented by a, a’, b, b', ¢, ¢, d, and d’ are associated with all
eight peaks, which are perfectly fit. The peaks marked as a, @/, ¢, and ¢/, represent
core levels of Ni** (2p312), Ni3+(2p3/2), Ni** (2p1/2), and Ni* (2p1/2), respectively. The
decomposed shake-up satellite peaks (marked as b, b, d, and d’) were observed at
~7.1(£0.2) or 10.2(£0.2) eV and ~6.3(£0.3) or ~7.1(£0.2) eV higher in binding
energy than that of Ni2+(2p3/2), Ni* (2p312)» Ni2+(2p1/2), and Ni>* (2p1/2) peaks,
respectively. The magnetic chemical state of Ni** and Ni** ions can be associated
with the double peak features of Ni(2p). The consecutive shake-up satellite peaks
also give information of the same [36]. The positions of the XPS peaks obtained in
different nonstoichiometric samples are analogs to previous studies [37]. The O(1s)
XPS spectra of the samples obtained were similar to each other. Figure 8 shows the
O(1 s) spectra Voigt peak fitting function within the Shirley background. The
binding energy of 529.3 and 531.1 eV with FWHM of 1.2 and 1.7 eV are clearly
observed in the figure for oxygen spectra. Hence, two peaks are clearly obtained for
O(1 s) spectra. The lower binding energy peak observed at 529.3 eV corresponds to
the O(1 s) core level of O>~ anions associated with Ni-O chemical bonding. How-
ever, higher binding energy peak observed at 531.1 represents the surface
contamination or presence of hydroxyl (—OH) groups [37].

The close analysis of decomposed XPS spectrum revealed that the intensity of
the peaks assigned to core levels of Ni3+(2p3/2) and Ni** (2p1/2) is larger than that of
core levels Ni** (2p3/2) and Ni** (2p1/2) at decomposition temperature of 400 and
500°C. However, the intensity of the peaks of Ni2+(2p3/2) and Ni** (2p1/2) core levels
has increased than that of the peaks of Ni3+(2p3/2) and Ni3+(2p1/2) core levels after
the decomposition temperature of 700°C and is continued to increase for the tem-
perature of 1100°C. The intensity ratio obtained for the peaks of the Ni**(2ps/,) and
Ni3+(2p3/2) core levels (i.e., Ni**/Ni**) has increased from 0.85 (+0.03) to 1.23
(£0.03) with an increase in the temperature from 400 to 1100°C.

It is evident that for the samples prepared at 500 and 700°C have more promi-
nent variation of intensity, and hence the Ni?* and Ni** are more easily bifurcated at
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Figure 8.
High-vesolution XPS spectra of the Ni (2p) core levels of the Ni oxides decomposed at a temperature of (a) 400
C and (b) 700°C. The XPS spectra were decomposed using Voigt peak function fittings.

o

these temperatures because the conversion of Ni*>* ions into Ni** ions is fast. And
the binding energy difference (AE) of 17.7 (£0.1) eV between the Ni(2p3/,) and Ni
(2p1/2) peaks is very close to that of 17.8 eV for oxidized Ni and significantly larger
than that of 17.2 eV for metallic Ni [38]. Hence, all the nickel is converted into oxide
form, and there is no nickel present in the metal form. This can be confirmed by
XPS investigation that the nonstoichiometric NiO400 contains Ni** ions in higher
quantity as compared to NiO1000. The XPS analysis also corroborates with our
TGA analysis for nonstoichiometric nickel oxide. Hence, the oxygen content of the
samples can be controlled by controlling the temperature of preparation of samples.
Hence, nonstoichiometry in nickel oxide can be created by controlling temperature
of preparation.

5.5 Magnetic properties measurements of nonstoichiometric nickel oxide

The magnetic characterization of nonstoichiometric samples was performed to
obtain the magnetic susceptibility ()). These measurements were done for selected
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Figure 9.
Magnetization for ZFC and FC curves of nonstoichiometric Ni, _sO samples for NiO400 and NiO1100in 7 T
applied field as a function of temperature.

samples of NiO400 and NiO1100. Temperature-dependent magnetic susceptibility
(y) is shown in Figure 9. This measurement was performed at an applied magnetic
field of 7 Tesla. Both zero-field-cooled (ZFC) and field-cooled (FC) conditions were
employed to measure the susceptibility ()) of nonstoichiometric nickel oxide sam-
ples. We observed a reversible behavior with negligible hysteresis of y for different
stoichiometry. It is interesting to describe that sample shows paramagnetic (PM) to
antiferromagnetic (AFM) transition. This transition is observed at the Néel tem-
perature Ty, But the transition temperature at which transition takes place is dif-
ferent in both the samples. The values are 480 and 530 K for NiO400 and NiO1100
samples, respectively. Ty and the absolute value of ) for NiO400 sample are lower
than that of NiO1100 sample. However, PM to AFM transition width appears to be
broader for the NiO1100 sample. This can be understood as Ty changes with
stoichiometry, which could be attributed to the effect of the partial destruction of
Ni**~O-Ni’* exchange interaction network because of the reduction of the oxygen
vacancies and the weakening of Ni**~O-Ni’* interaction arising from the decrease
of the bandwidth of, for example, electrons due to the change in Ni-O bond length
and Ni-O-Ni bond angle [39].

5.6 Specific heat measurement

Figure 10 shows the change in specific heat with respect to temperature of
nonstoichiometric NiO. The irregularity or the change in specific heat for different
samples is found in the vicinity of Ty, This shows that AFM ordering of these
samples is affected by oxygen content of the samples. A shift in anomaly is probed
as the stoichiometry of sample changes. Change in heat capacity of different sam-
ples, due to stoichiometry, also alters the transition temperature. Hence, as the
sintering temperature increases, Ty will change and finally attain a fixed value. It is
observed from the heat capacity graph that the transition temperature for NiO500,
NiO700, and NiO1100 samples are 510, 519, and 525 K, respectively. It is under-
stood that due to excess oxygen in the different ratios in NiO400 and NiO500
samples, change in specific heat anomaly is observed. Further, the observed transi-
tion temperature reaches to 525 K as reported for stoichiometric NiO [40]. An
irregular behavior in Cp at Ty is due to Ni-spin ordering as suggested by Néel [41]
wherein due to the thermal agitation spin-lattice of the particle could reverse
coherently and randomly.
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Figure 10.
The temperature variation of specific capacity of nickel oxide samples sintered at different temperatuves. Curve
shows shifting in TN due to different oxygen contents of the samples.

Consequently, the net moment of uncompensated surface spins would fluctuate
accordingly and in turn, significant downshift the T\ in samples due to both the
change of magnetic ions as well as their disorder. Probably due to change in excess
oxygen, magnetic inhomogeneity in nonstoichiometric samples increases, and Néel
temperatures eventually shift.

6. Conclusion

The samples of different oxygen contents of nickel oxide were synthesized by
thermal decomposition method. The structure of these samples was characterized
by X-ray diffraction spectroscopy, and full-proof refinement was used for indexing.
The nonstoichiometry of these samples was recognized by iodometric titration and
thermogravimetric analysis. Both these techniques give the excess oxygen content
of samples, which was found to be similar. Different phases of nickel oxide were
confirmed by the FTIR studies. The shift in FTIR pattern indicates about the
nonstoichiometry of samples. The change in stoichiometry of sample is also
responsible for the defect creation in the samples, as XPS results indicate that nickel
vacancy can be created in samples with varying sintering temperatures. Those
samples that were sintered at low temperature have high defect as compared to
sample sintered at high temperature. The ZFC and FC curves are nearly identical to
each other but the susceptibility changes with stoichiometry. The observed specific
heat anomaly in the vicinity of Tl is associated with the magnetic ordering, indi-
cating a gradual transformation between two magnetic phases, and the observed Ty
shifted toward lower temperatures as excess oxygen content increases. The shifting
of Néel temperature is presumably due to magnetic inhomogeneity arising from the
excess oxygen in samples.
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