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ARTICLE INFO ABSTRACT
Keywords: The study aimed to understand how changes in crystal’s size affect the lattice parameters and
Nanocrystalline materials crystal structure of Mg;_4Ni,O solid solution for six X values ranging from x = 0 to x = 1. Mg;.

Sol-gel techniques

) . xNixO was synthesized via two different wet-chemical techniques: the sol-gel and the microwave
Microwave synthesis

hydrothermal method, both followed by calcination at different temperatures of 673, 873, 1073,

Crystal structure . . .

Xeray diffraction 1273 and 1473 K. As annealing caused grain growth, the varied temperature range allowed to

MgO-NiO system examine a wide range of grain sizes. The lattice parameters and x values were determined from
XRD (X-ray diffraction) peak positions and intensities respectively. The grain size was evaluated
by XRD line profile analysis and supported by SEM (scanning electron microscope) observations.
At the temperatures of 673 and 873 K grain size was in the nanometric range and from 1073 K
and above grain size was in the micrometric range. A non-monotonic lattice variation versus grain
size was found for each concentration. When grain size decreased there was a slight contraction,
however for grain size in the nanometric range there was a severe lattice expansion. Both lattice
parameter changes were explained by two effects acting together: contraction due to surface
stress and expansion due to weakening of the ionic bonding at nanocrystalline particles. In this
current research study, the lattice parameter was mapped in two dimensions: concentration and
grain size. The findings of this study provided valuable insights into the lattice variation in the
MgO-NiO solid solution system.

1. Introduction

Nickel oxide (NiO) and magnesium oxide (MgO) are of great importance in a variety of applications and in diverse fields both as
individual ceramic oxide materials and as a binary system of Mg; «NiyO with x ranging from 0 to 1. Both MgO and NiO are ionic
compounds with different crystal structures, and their lattice parameters can vary depending on composition and phase
transformations.

NiO is a significant transition metal oxide with a cubic lattice structure known as the rock-salt structure with a slight distortion. It is
a face-centered cubic FCC arrangement of oxide ions (02’), but nickel ions (Niz+) occupy both the octahedral and the tetrahedral sites.
The lattice parameter of pure NiO at room temperature is 4.175 A. Nano particles of nickel oxide (NiO) play a major role in myriad
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fields such as in: molecular biology and biotechnology [1], catalysis [2], battery cathodes [3,4], gas sensors [5], electrochromic films
[6] and magnetic materials [7,8]. In addition, NiOy is also used in reactions of hydrogenation of nitriles and the hydrochlorination of
aromatic compounds [9,10]. Moreover, NiO films with Mn and Zn doping have been fabricated successfully using a homemade
chemical spray pyrolysis thin films deposition technique producing transparent conducting oxides emerging applicability of the films
in optoelectronic applications [11].

MgO has also a rock-salt crystal structure, which is an FCC arrangement of oxide ions (0?~) with magnesium ions (Mg?") occupying
the octahedral sites between them. The lattice parameter of pure MgO at room temperature is approximately 4.213 A. MgO nano-
particles have been recently used in various domains due to their simple synthesis methods (such as the sol-gel and co-precipitation
techniques) [12,13] along with their exceptional properties (such as biodegradability and biocompatibility) [14]. Among their many
uses, the main applications include: biological implants (due to their high strength to weight ratio, low density and etc.), in biomedical
for bone regeneration as a medicine for anti-bactericidal and antimicrobial inhibition and in cryoinjury applications [15-18] and in
cancer therapy [19]. They are also employed in sorption of uranium ions [20], catalysis [21,22] and lithium-ion batteries [23,24].
MgO is also applicable in environmental uses such as water purification [25] and in synthetic dyes promoting degradation of harmful
dyes [26], photonics applications [27] and the purified form of magnesium oxide nano powder is used to improve mechanical and
fabrication characteristics of aluminium as an alloy [28,29]. In civil engineering, MgO is effective in preventing the thermal cracking of
mass concretes, such as dams and diversion tunnels owing to the thermal shrinkage compensating property of MgO [30].

The joint system of NiO with MgO offers several interesting properties and potential applications due to the unique characteristics
of each material. MgO is known for its excellent thermal and chemical stability, while NiO has good structural stability. Combining
these materials can lead to enhanced stability, making the joint system suitable for applications in harsh environments or high-
temperature conditions. In addition, NiO and MgO have similar crystal structures, with both adopting the rock salt (NaCl) struc-
ture. This lattice compatibility enables the formation of high-quality interfaces and heterostructures between the two materials, with
minimal lattice mismatch. This can result in improved electronic, optical, and transport properties at the interface. The joint system of
NiO-MgO has also been extensively studied for its catalytic properties. NiO exhibits catalytic activity for various reactions, such as CO
oxidation and hydrocarbon reforming, while MgO is known for its basicity and ability to promote reactions involving acid-base in-
teractions. Combining these materials can create synergistic effects, leading to enhanced catalytic performance and selectivity [31,32].
Furthermore, NiO is an antiferromagnetic material with a Néel temperature above room temperature. By integrating NiO with MgO,
which is a good insulator with excellent electrical properties, it is possible to create spintronic devices that utilize the antiferro-
magnetic properties of NiO. The exchange coupling at the NiO/MgO interface can be exploited for spin injection, manipulation, and
detection, making it promising for spin-based electronics. Optoelectronics and energy conversion technologies are other applications
of the NiO-MgO system. For example, NiO is a p-type semiconductor, while MgO is an insulator with a wide bandgap. By forming
heterostructures or composite materials, the joint system can exhibit unique optical and electrical properties suitable for solar cells,
sensors, and other energy conversion devices [33-36].

This system was also researched regarding the preparation conditions aiming to control the morphology and particle size of the NiO
phase [37].

The binary phase diagram of the MgO-NiO system displays a solid solution over the full range of relative concentration. The lattice
parameter of a solid solution in a binary system depends on the relative concentrations of the components. The Vegard’s law is often
used as an approximation to estimate the lattice parameter of an ideal binary solid solution:

a=Xxeaye + (1 —Xx) @ ayio (€D)

where “a" is the lattice parameter of the mixed system, “x" is the mole fraction of MgO, “amgo” is the lattice parameter of MgO, and
“anjo” is the lattice parameter of NiO. So, as the concentration of MgO increases in the MgO-NiO system, the lattice parameter will tend
to approach the lattice parameter of pure MgO, and vice versa.

In ionic crystals where alternating cations and anions held together by electrostatic forces one of the most important physical
dimensions is the lattice parameter. The lattice parameter is a fundamental property affecting the functional properties of the material.
Anomalously, the lattice constant in nano-crystals is not a constant [38]. The lattice parameter, along grain size shows a
non-monotonic trend, namely a decrease in the lattice parameter when crystal size increases (or alternatively, lattice expansion for
decreasing crystal size) to a minimum value and then the lattice parameter increases with size up to a constant value for larger grain
size [39]. For example, a lattice contraction of nanocrystalline anatase (TiO2) as a function of particle size (4-34 nm) was shown
revealing an unexpected strong size dependence [40]. General equations derived from theoretical calculations describing lattice
contraction and surface stress in nanocrystals were also established explaining this behavior [41]. A non-monotonic lattice variation as
a function of grain size in nanocrystalline CeO, was also reported showing a minimum value of lattice parameter in grain size between
25 and 50 nm [42]. Those findings showed that this anomalous dependence of the lattice parameter on crystal size was not exclusive
for metals as though. The size effect in metals was well investigated [43,44], modeled [45,46] and especially studied regarding their
electrical conductivity [47-49] and the influence of size on the elastic constants (Young’s modulus and Poisson’s ratio) in thin tungsten
films [50], but also mentioned in ceramics concerning conductivity in SnO [51] and in barium titanate glass-ceramic [52].

One of the most likely to be affected by the grain size is the catalytic activity [53]. Other properties that might be affected by the
grain size are: mechanical [54], magnetic, electronic and optical [55-57]. The non-monotonic lattice variation can be explained by two
effects acting simultaneously as a function of crystal size: lattice contraction due to capillary forces caused by the surface stress and by a
Madelung model predicting lattice expansion due to weakening of bonding force in small ionic crystals [39,58]. In nano ionic crystals,
the non-monotonic trend of the lattice parameter as a function of grain size is thought-provoking and important to comprehend.
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Fig. 1. Relative intensities as a function of composition in the Mg; 4\Ni,O system.
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Fig. 2. X-Ray diffraction of the MgxNil-xO system calcined at different temperatures: (a) 20 % MgO, (b) 40 % MgO, (c) 60 % MgO and (c) 80

% MgO.

Studying the influence of grain size along with other well studied parameters of temperature and composition is vital and particularly
relevant due to recent applications of nano oxide materials (rather than bulk) in industrial and other nowadays uses [14,59,60].
Exploiting the variation of physical, chemical, and biological properties on grain size is one of the fundaments of nanotechnology.
Among other parameters, powder morphology has a crucial part in ensuring the consistency and reproducibility in production
processes (such as in thermal spraying [61] and in sintering). In addition, powder morphology has a role in determining functionality
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Fig. 3. Rietveld refinement of: (a) 20 % MgO calcined at 800 °C and (b) 60 % MgO calcined at 1200 °C.

in applications such as dry-powder inhalers (controlling and optimizing drugs delivery) [62] and in catalysis processes [63,64].
Therefore, an exploration of not only size but also shape is of great interest.

Although some studies investigating the crystallographic properties of the NiO-MgO system exist, a profound analysis regarding
the lattice parameter behaviour as a function of grain size is lacking [65,66]. Lattice variations in the nano system of NiO-MgO can
have significant implications for the material’s properties and performance. The lattice parameter variations can further influence the
band structure, bandgap, and electronic properties of the composite, potentially leading to changes in its optical, electrical, and
magnetic behaviour [67-69].

In summary, lattice variations in the nano system of NiO-MgO have a profound impact on the material’s structure, electronic
properties, catalytic activity, size-dependent phenomena, and interface behaviour. Understanding and controlling these lattice vari-
ations are crucial for tailoring the properties of NiO-MgO nanostructures for diverse applications. Therefore, the current study aims to
better comprehend the influence of parameters such as concentration, temperature and also grain size on the structural properties
yielding a better understanding of the lattice variations in the nano system of NiO-MgO.

2. Material and methods

The Mg, xNixO powder was synthesized using the microwave solvothermal method. Firstly, nickel (II) acetate and magnesium (II)
acetate were dissolved in water. The ratio of nickel acetate to magnesium acetate was adjusted to obtain the desired range of the
different compositions of the Mg; «NiyO particles (compositions of: 0, 20, 40, 60, 80, 100 mol % MgO). The joined concentration of
both acetates was 0.5 M. The solution was neutralized with NaOH to pH of 10. Then the solution was poured into a Teflon vessel that
was tightly closed and inserted into the Ertec microwave reactor (ERTEC-Poland). Subsequently the 250 W microwave power was
switched on and the content was heated for 30 min at pressure of 6 MPa which corresponds to 230 °C. After cooling down, the product
was poured on a paper filter and washed 3 times with distiller water. Afterwards, the product was dried in air for 24 h. Lastly, the
samples were calcined in an electric furnace starting from room temperature to the desired final temperature (varied from 400° to
1200 °C) for 30 min.

X-ray diffraction (XRD) measurements were performed using an X'Pert PRO diffractometer (Panalytical, Almelo, The Netherlands).
The XRD diffractions were collected at room temperature in the range of 26 between 10 and 100 °26° and with a step of 0.03 °26. Some
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Fig. 4. SEM images (magnitude of 100,000x) of Mg; xNixO systems calcined at different calcination temperatures.

powder samples were run in transmission mode on a diffractometer consisted of a Huber Guinier digitized camera equipped with a Fuji
imaging plate detector and a rotating Cu anode, operated in 45 KV and 80 mA. The scanning range was from 4 to 100°26. The data were
read by a laser beam with a light detector, in steps of 0.005°20 scale and the exposure time was 10 min. In both systems an incident
beam monochromator provided pure Cu Ka; source.

SRM 660b (LaBg) was used for line position and instrumental width standards. Rietveld method [70] was applied using the public
domain program [71] for refinement of the lattice parameters, site occupancies and providing information about the peaks’ profiles.
Program and Rietveld refinement was also carried out using the FullProf/WinPLOTR software [72]. Powder-Cell for Windows [73] was
used for strain and size analysis evaluation based on the Williamson-Hall method. The line profile parameters were inserted from data
obtained by the FullProf analysis. Since the line broadening is sensitive to the background subtraction, we calculated the grain size
(GS) and microstrain (MS) by using both approximation for background subtraction. p = B-b and p = B-b?-, where B is the determined
peak broadening, B the global experimental peak width and b the instrumental width. GS from electron microscopy observations was
also used to verify the XRD’s GS results. This procedure for obtaining accurate GS and MS values was carefully examined and reported
in a previous publication [42].

In addition to the samples produced via the microwave solvothermal method, a different set of pure NiO and MgO samples were
synthesized by the conventional sol-gel technique. The hydroxide Ni(OH), or Mg(OH), was precipitated from water solution of NiCly
or MgCl, by raising the PH value by adding NH4OH or NaOH. After separation of the solid hydroxide from the liquid solution and
drying in air for a week, the hydroxide xerogel was obtained. The obtained powder was formed by firing the xerogel at different desired
temperatures from 200 up to 1200 °C for 3 h by inserting the samples directly into a hot furnace at the desired final calcination
temperature.

The composition of each sample was refined based on the XRD analysis (Rietveld method). The Rietveld structural analysis was
conceivable and sensitive to the changes in intensities in the Mg; 4«NiyO system due to a significant difference in intensities as a function
of concentration (as shown in Fig. 1). Since the lattice parameters are only reflected in the Bragg peak positions and determined
independently of intensities, they were used to confirm the compositions obtained based on the intensity analysis via checking if the
results comply with Vegard’s law.

The morphology of the samples was investigated using a scanning electron microscope (SEM) ULTRA PLUS (ZEISS, Oberkochen,
Germany) and the average grain size was estimated by analysing the well-defined grains using imageJ software (image processing
software). Before performing the SEM observations, the samples were coated with a thin carbon layer in order to prevent charging
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Fig. 5. SEM images (magnitude of 25,000x) of Mg; «\Ni O systems calcined at different calcination temperatures.
mechanisms that cause material surface deterioration.
3. Results and discussion
3.1. X-Ray diffraction analysis and morphology

Fig. 2 shows powder diffraction patterns of the investigated samples. The crystal structure characterization was based on the
relative integral intensities and peak positions. The microstructure: grain size and micro-strain was evaluated based on the peaks’
widths and shape. In the MgyNi; 4O system there were four refined variables: lattice parameter (obtained from the peaks’ positions),
Mg:Ni ratio (obtained from the relative integral intensities), grain size and micro-strain obtained from the peaks’ widths. In all samples,
as temperature increased the peaks became sharper due to grain growth with elevated temperatures.

Some representative examples of Rietveld refinements are given Fig. 3.

The morphology and grain size were studied using SEM and some representative SEM images are shown in Figs. 4 and 5.

Fig. 4 illustrates grain coarsening and increased faceting after annealing at 1073 K. Fig. 5 illustrates further grain coarsening and
increased faceting after annealing at 1273 K and 1473 K.

3.2. Unit cell parameter as a function of temperature

According to Fig. 6, the lattice parameter was a function of calcination temperature for all samples.

3.3. Composition analysis

The composition of each sample was refined based on the XRD analysis (Rietveld method).

According to Table 1, a systematic shift towards a higher Mg content comparing to the nominal concentrations was apparent in all
samples. This shift is explained due to a partial precipitation during the synthesis process. The accurate composition was refined based
on the XRD analysis (Rietveld method) as shown in Table 1. Nominal compositions of: 0, 20, 40, 60, 80, 100 mol % MgO were corrected
to 0, 22, 44, 71, 83, 100 mol %.
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Fig. 6. Unit cell parameter versus calcination temperature for the Mg; \Ni,O samples.

Refined concentration of NiO in MgO based on XRD analysis using Rietveld method.

Temperature (K)

Average Mg concentration (%)

673 873 1073 1273 1473

Refined concentrations according to Rietveld analysis (%) 0 0 0 0 0 0
21.2 23.8 22,5 22.1 22.4 22 + 0.8
40.9 42.6 44.5 46.8 46.2 44 + 2
67.1 71.2 71.1 74.0 73.7 71+ 2
81.6 82.1 82 83.2 84.9 83 +1
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Fig. 7. Unit cell parameter versus concentration for samples calcined at temperatures 673, 873, 1073, 1273 and 1473 K signed as a,b,c,d and e
respectively.

3.4. Unit cell parameter as a function of composition

The obtained results were also cross-checked by plotting the refined lattice unit cell parameters versus the refined composition
yielding linear curves confirming Vegard’s law (see Fig. 7). Vegard’s law states that the lattice parameter of a solid solution of two
constituents is approximately a weighted mean of the two constituents’ lattice parameters at the same temperature. This comparison is
suitable since cell parameters and intensities are independent variables in Rietveld refinement method. According to Fig. 7 as the
concentration of MgO increased in the solid solution, the lattice parameter approached the lattice parameter of pure MgO. Conversely,
with an increase in NiO concentration, the lattice parameter approached the lattice parameter of pure NiO. This behaviour is in
accordance with Vegard’s law. In addition, it was expected that as observed in Fig. 6 lattice variations versus grain size will affect the
function of unit cell parameter versus concentration, becoming non-linear. However, it did not occur. This can be explained by the fact
that grain size was generally similar at each temperature for all concentrations (See Table 2).
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Table 2
Average grain size values of Mg; 4xNiyO samples calcined at different calcination temperatures (the error is estimated as 10 %).

temperature (K)

Sample ID 473 573 673 773 873 973 1073 1173 1273 1373 1473
Nominal % MgO

0 ¢ 8 20 30 52 N 200 ¢ 350 ¢ 453
0° 3 8 17 30 38 51 57 67 75 90 120
20 ¢ 6 10 ¢ 36 N 175 ¢ 300 ¢ 461
40 ¢ 5 9 N 44 N 187 ¢ 300 ¢ 446
60 ¢ 5 8 N 36 N 173 ¢ 240 ¢ 289
80 ¢ 4 6 ¢ 28 N 123 ¢ 219 ¢ 310
100 ° ¢ 25 27 N 106 N 119 ¢ 170 ¢ 255
100 ° ¢ 28 29 35 36 36 48 56 53 77 114

# Gradual heating process.
b Direct heating process.
¢ Not measured.

Table 3
Representative micro-strain values (X10%) of Mg, «Ni,O samples calcined at different calcination temperatures (gradual heating process).

temperature (K)

Sample ID Nominal % MgO 673 873 1073 1273 1473
e

0 1.2 0.45 0.46 0.73 0.92
20 1.8 0.63 0.22 0.31 0.55
40 2.3 0.58 0.18 0.20 0.32
60 2.1 0.10 0.52 0.19 0.15
80 2.3 1.5 0.80 0.28 0.17
100 0.75 0.72 0.15 0.17 0.08

3.5. Grain size analysis and residual micro-strain

Micro-strain reflects the deviations in the peak positions due to non-uniform interplaner spacing. Micro-strain may exist in a single
grain or reflect changes between grains. In the present case, the micro-strains are significantly higher in samples calcined at the low
temperatures as shown in Table 3. This can be explained by the high slope of the lattice parameter versus grain size for small grains
below 60-80 nm (as shown in Figs. 4 and 5). In addition, according to Figs. 4 and 5, there is some diversity in grain size in all samples.
However, only in the nano range (below 60-80 nm) this diversity is accompanied with a large deviation in the lattice parameters (see
Fig. 6) causing a micro-strain-like effect.

3.6. Unit cell parameter as a function of grain size

The average grain size of each sample increased with the increase in the calcination temperature, as anticipated. There was an
agreement between the grain size evaluation from the XRD line broadening analysis and SEM observations (see Figs. 4 and 5).

Since it is known that in nanocrystalline oxides there is a variation of the lattice parameters with grain size, the lattice parameter
was plotted versus grain size. A non-monotonic variation of the lattice parameter versus grain size was found in all samples (Fig. 8).

The idea that the specific surface area (m2/mole) is an independent variable controlling nanostructures was stated by Navrotzky
[74]. It was shown that amorphous zirconia, anatase (titania, TiO2) and gamma alumina (y-Al;0O3) transformed to monoclinic zirconia,
rutile (titania) and alpha alumina respectively, when the specific surface area increased. Kimmel and Zabicky [75] suggested a
modified free Gibbs energy (G) formula for a particle free energy:

G=E, +E, e A+PV—TS. )

where E}, and E; are the bulk and surface energies respectively, A is the area per volume ratio of the particle, P is pressure, V is volume,
T is temperature and S is entropy.
Turning to specific terms, Eq. 2 becomes:

g=ep+e; o A+Pp—Ts. “4)

where g is the specific free energy, e, and e are the specific bulk and surface energies respectively, p is the specific volume and s is
specific entropy. In large particles (micrometric and above) A is very small and it is possible to neglect the second term. However, in
nanometric particles (where A is very large), A becomes the most important thermodynamic variable. There are two phenomena which
may be observed. The first, is the formation of special nanostructures and particle shapes with a geometry suitable for a low A (to
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Fig. 8. The lattice parameter of Mg; «\Ni,O as a function of the grain size in nm.

reduce the free energy). Therefore, nano crystals will grow as particles with the most symmetric structure, possible preferably cubic (a
relatively low A). The second phenomenon is accompanied with the fact that A is a thermodynamic coordinate like P an T. Thus, all
physical properties of a nanometric phase can vary as a function of A, analogous to their variation along P and T. Since A ~ D™ it was
decided to add a presentation of the lattice parameters versus D~ showing lattice expansion along increase of A.

A second order polynomial correlation between the unit cell lattices parameter and the inverse grain size was fitted for each
concentration as shown by the equations in Fig. 9.

When grain size decreased, in the high nano range, there was a slight decrease of the lattice parameter. It might be attributed to the
surface stress effect. In the low nano range, there was an expansion of the lattice parameter with the decreasing in grain size. It is
understandable that this expansion is attributed to a weaker ionic bonding which is typical in nano grains. Due to a faster growth of
pure MgO at low calcination temperatures in comparison to the samples with NiO, the effect of lattice expansion was minor in pure
MgO causing shifting from the linear line of all other Mg:Ni ratios in samples calcined at temperatures of 573 and 673 K.

10



C. Barad et al.

4.202 4 T T T T T T T T

4200

4198

4.196

4194 ] g
4192 Pt
4190 ]
4.188 o
4.186 - 7
4.184 ]
4182 ]
4.180
4178 ]

4176
4174 ]

o

lattice parameter (A)

0.10

T T
0.00 0.15 0.20 0.25

1/grain size (1/nm)
4210

= 20%MgO | ' : '
4| —— Polynomial fit

4.205

[¢]

lattice parameter (A)

4.200

4.195 4

T T
0.10 0.15

1/grain size (1/nm)
4235

T
0.20

i i T It T
= 80 % MgO
—— Polynomial fit

4.230

4225

o

lattice parameter (A)
Bt

4.220 A

4215

4210 -

4.205 ~ B

4200 , , ,
0.10 0.15

1/grain size (1/nm) (NiO)

0.20

Q

lattice parameter (A)

o]

lattice parameter (A)

(A)

lattice parameter

Heliyon 10 (2024) e31275

4198
4.196
4.194
4192
43190—-
4.188

4.186

4184 o 1

(b) ]

4.182

1t 1 T T ¢ r 1 > ° 1

= 20 % MgO ]
Polynomial fit M

0.0

L T ¥ T o 'S . T . T x T % 1 i T ki T
0 0.02 004 0.06 0.08 010 0.12 0.14 016 0.18
1/grain size (1/nm)

4.215 A

4210

4.205

4.200

4.195

T T T T ) T

¥ T
m 60 % MgO
—— Polynomial fit

4.222

T i T
0.10 0.15 0.20

1/grain size (1/nm)

4.221 4
4.220

4.219 I .
4.218 a

4.217

4.216 / 4

4.215 A

4.214 - / .

4.213 4

4.212 =

! T H T ) T

m MgOo
—— Polynomial fit B

4.211
0.

o.loz 0.l03
1/grain size (1/nm)

00 0.04
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3.7. The influence of preparation method on the lattice parameter

Since two sets of pure NiO and MgO powder samples were produced using two methods, a comparison of the behavior of the unit
cell lattice parameter as a function of grain size was conceivable. The two powder sets of pure NiO and MgO were produced by two
different comparable wet-chemistry synthesis routes: the microwave solvothermal method (as discussed previously in this study) and
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Fig. 10. The lattice parameter as a function of grain size in two different synthesis and heat treatments: (1) solvothermal microwave method
followed by a gradual heat treatment and (2) sol-gel method followed by a direct heating treatment for (a) NiO and (b) MgO.

the sol-gel technique. In addition, the obtained preliminary powders were heat treated differently by: 1) a gradual heating treatment
process following the microwave solvothermal method from room temperature to the desired final temperature and heating at a
constant temperature for 30 min and through 2) a direct heating process following the sol-gel synthesis in which powders were inserted
directly into a hot furnace at the desired annealing temperature for 3 h. The unit cell lattice parameter versus grain size is shown in
Fig. 10 for: (a) two sets of NiO samples and (b) two sets of MgO samples.

It is also worth mentioning that nevertheless the XRD measurements were executed by two different diffractometers and by two
different preparation methods followed by a different annealing process the curves displaying the variation of the lattice parameters
versus grain size in Fig. 10 converged and complemented each other’s trend regardless of the preparative procedure. In other words,
the meaning is that the lattice parameter values are a function of grain size and are path independent.

4. Conclusions

The uniqueness of this research study is that a two-dimensional map of lattice parameter as a function of both grain size and
composition of Mg; xNiyO (for x values between 0.00 and 1.00) was obtained. Hence, the solid solution was obtained in several
compositions and in a wide range of grain size and the aforementioned relation was found for all the compositions.

It is seen that the surface/volume (as well as specific surface area in units of m%/mole) is an independent thermodynamic variable
like temperature, pressure and concentration. In the presented experiments, each phase parameter may be continuously changed along
the a above four thermodynamic coordinates. The lattice parameter was the investigated parameter. Since measurements were
executed at ambient conditions the parameters of temperature and pressure were constant. However, two other thermodynamic co-
ordinates remained. The traditional x (composition) and the novel parameter volume/surface A ~ D! (D is the average grain size)
served as a thermodynamic coordinate.

The present study confirmed the two stages of lattice parameter dependence - lattice contraction and lattice expansion are existing
with decreasing the grain size nanoscale crystals, with a minimum lattice parameter for intermediate nano sizes, and a further increase
for smaller sizes. According to this study and our previous studies [42,76], the non-monotonic lattice variation in nano-crystalline ionic
materials is the general case. The non-monotonic lattice variation in nanomaterials calls for adding a new category in the crystallo-
graphic data bases: “nano-crystals”, where lattice parameters are recorded along with grain size.

These findings can be significant for tailoring the properties and performance of materials based on the MgO-NiO system,
particularly in applications where lattice matching and crystal structure control are crucial.
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