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Effect of Ni content, temperature on the electrical and colorimetric properties
of nano NiyZn.x)O blue pigments
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Nanosized Ni doped ZnO (NiyZn;O, with 20 < x < 70) were synthesized by simple co-
precipitation method at different calcinations temperature (400, 600, 800 and 1000 °C). All

synthesized oxides well characterized by XRD, scanning electron microscopy (SEM). The
electrical properties and the colorimetric parameters (CIEL L* a* b*) were measured. The
results obviously show that Ni*" ions incorporated into the ZnO structure without
difficulty. For the highest concentration of Ni?* for x = 0.40 and 0.70 of Ni*" doping, the
XRD revealed an extra diffraction peak characteristic to NiO, indicating an upper limit of
Ni concentration. The crystallite size was discovered to be between 13 and 109 nm. With
the addition of Ni to the ZnO, the temperature dependency of electrical conductivity of
samples increases. The temperature dependence of dielectric constant of samples is found
to decrease with incorporation of Ni in the solution. The samples show very good blue
color with load 20% of Ni.
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1. Introduction

Nanoparticle of ZnO has versatile properties that are important for application in
electronic, photovoltaic, pigment and sensor [1-3]. Zinc oxide has a semiconductor property that
allows it to function as a dielectric at low temperatures and as a conductor at high temperatures.
The factor that controls the behavior of ZnO is related to atom diffusion during the sintering
process, as the energy of the band gap decreases as the temperature of the material increases.
Because of the improper packing of the atoms, zinc oxide comprises a large number of grain
boundaries, which present a high-energy area. When the amount of grain area in the material is
lowered by grain expansion, the overall energy in the material is reduced. The migration of grain
boundaries during grain growth allows larger grains to grow at the expense of smaller grains.
Diffusion of atoms across grain boundaries is essential for material grain development. To migrate
to a new position, the atom must first overcome an energy barrier known as the activation energy
(E.), which must be overcome using thermal energy. The kinetics of diffusion are substantially
influenced by temperature [4]. The diffusion coefficient increases as the temperature of the
substance rises. Doping improves electrical conductivity by allowing current to disperse and
transport it. As a result, diffusion is slow at low temperatures, reducing the material's mobility and
conductivity [4]. When the diffusion coefficient of a ZnO crystal is low, dielectric polarization
occurs due to the presence of atomic and molecular forces, and occurs anytime charges in a
material are shifted with respect to one another under the influence of an electric field.

The dielectric constant (g) is computed from the capacitance value, which may be
calculated using the equation below.

= (c/ &) (VA)= (t x ¢) / m (d/2)> * &, 1)

where ¢ is dielectric constant, ¢ is capacitance, g, dielectric permittivity of space and d is diameter
of sample disk.

" Corresponding author: mohkhairy@fsc.bu.edu.eg
https://doi.org/10.15251/DJNB.2022.174.1111


https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures
https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures?id=582amp;catid=8
https://doi.org/10.15251/DJNB.2022.174.1111

1112

Nanomaterials have been actively explored in recent years due to their intriguing physical
and chemical features when compared to their bulk counterparts [5]. Several researchers have used
solvothermal, hydrothermal, self-assembly, and sol-gel techniques to produce ZnO
nano/microcrystals [6-10].

The defect crystal structure of ZnO, often known as n—type semiconductor, includes
excess Zn>" (Zn,; O) that occupies interstitial spaces [11]. While NiO is a p—type semiconductor
with vacancies at Ni sites (Ni;.0), it has a defect structure with vacancies at Ni sites [12]. A series
of solid solutions is formed by ZnO and NiO. With increasing temperature, NiO solubility in ZnO
rises [13].

Nickel oxide has a rock salt structure and antiferromagnetic characteristics below 523K,
making it a typical binary transition metal oxide. Numerous theoretical and practical research on
NiO band structure and electronic characteristics have been conducted [14—19]. The band gap for
bulk NiO was discovered to be around 4 ev, which is significantly less than the Mott-Hubbard
correlation energy, u (u 7-10 ev) [21, 20].

Nano-pigments are organic or inorganic compounds that are insoluble in the substrate or
binders, chemically and physically inert, and have a particle size smaller than 100 nm [22]. Nano-
pigments have lately obtained a wide range of industrial uses [23], despite the fact that particle
sizes in the 100-200 nm range are necessary in current production practice.

The strong blue color of ZnO doped with nickel has piqued interest in a variety of
applications. Despite the fact that some inorganic pigments are hazardous, they are frequently used
in paints, ceramics, plastics, glazes, and glasses. ZnO-NiO compounds have hues that are
acceptable for use in paints. ZnO might theoretically be rendered ferromagnetic at Curie
temperature by doping it with transition metal ions (Ni, Mn, Co, V, or Fe) [24, 25]. Metal oxides'
photocatalytic activity are influenced by their surface area and surface imperfections. Surface
flaws are increased when a transition metal ion is doped [26, 27]. This may cause the absorption to
shift towards the visible zone.

In the present study, Ni doped ZnO (NiyZn; O, with 20 < x <70 ) were fabricated by the
co-precipitation method. XRD and FTIR measurements validated the structural and phase
formation. Scanning electron microscopy (SEM) was used to photograph the surface morphology
and particle size of the samples, as well as the variation of crystallite size with calcined
temperature. At different frequencies in the range of 100 Hz - 1 MHz, the temperature dependency
of dielectric constant, loss, and AC conductivity (ranged from 298 to 623 K) was investigated. The
color of ZnO as a pigment was examined in relation to Ni concentration and temperature.

2. Experimental

2.1. Materials

The materials which used in our preparations are; zinc acetate [Zn(CH3;COO),.2H,0]
(98.5%) provided from Adwic, nickel nitrate [Ni(NO;),.6H,0] (98%) provided from BDH, oxalic
acid [H,C,04,.2H,0] (100%) provided from BDH, Glaze. Double distilled water was used
throughout all the experiments.

2.2. Materials Preparations

2.2.1. Preparation of pure ZnO

ZnO was synthesized by slowly adding 250 ml of 0.15M of Oxalic acid [H,C,04.2H,0] to
100 ml of 0.1 M zinc acetate [Zn(CH;COO0),.2H,0] and stirring at 150 rpm for 12 hours at room
temperature. To remove contaminants, the zinc oxalate precipitate was filtered and rinsed with
distilled water at least three times before being dried at 120 °C for 1 hour, and then calcined at 400
°C, 600 °C, 800 °C and 1000 °C for each temperature respectively, for 2h. The samples were
denoted as Zn400, Zn600, Zl’lg()o, an()()o.

2.2.2. Preparation of ZnO-NiO pigment
This pigment was prepared with different concentration of nickel nitrate (20%, 40%, 70%)
by taking 100 ml of 0.1M of zinc acetate [Zn(CH;COO),.2H,0] and 0.1M of nickel nitrate
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[Ni(NO;),.6H,0O] with (20%) concentration and at room temperature, slowly add 250 ml of 0.15M
oxalic acid [H,C,0,4.2H,0] with a steady stirring rate of 150 rpm for 12 hours. To remove
contaminants, the precipitate was filtered and rinsed with distilled water at least three times before
being dried at 120 °C for one hour. And then it was calcined at 400, 600, 800 and 1000 °C for each
temperature respective, for 2h. All other concentrations were prepared by the same procedure. The
Samples were denoted as Z2N400, Z2N600, ZzNgoo, Zleooo, Z4N400, Z4N600, Z4N800, Z4N1000,
ZTN4o0, Z7Ngoo, ZTN800 and Z7N4g for samples with 20, 40 and 70 % of Ni at 400, 600, 800 and
1000 °C, respectively.

The color of the obtained pigments were photographed after the following procedures;
definite weight of the prepared samples mixed with past of glaze and pasted on the ceramic and
then calcined 900 °C for 1h.

2.3. Characterization Techniques

Philips PW-3710 diffractometer with monochromated Cu K radiation wave-length (A=
1.5406 A was used to perform X-ray powder diffraction (XRD) at room temperature. A scanning
electron microscope was used to conduct morphological research (SEM, JEOL-JSM 6360 unit).

The electrical properties (The electrical conductivity, dielectric constant and dielectric
loss) were measured for metal oxide samples. The electrical measurements were evaluated a in
frequency range from 300 Hz to 1 MHz t a constant voltage (1 volt) in temperature range from 298
to 623 K, by means of programmable automatic LCR bridge (model RM6306 Philips Bridge).

Ultra Scan Pro, Hunter lab Spectrophotometer were used to measurement L*, a*, b*, ¢c*, h.
for prepared samples. The L* (lightness) axis is 0 for black and 100 for white. Positive values are
red, negative values are green, and 0 is neutral on the -a* (red-green) axis. Positive values are
yellow, negative values are blue, zero is neutral on the -b* (blue-yellow), and h represents the hue.

3. Results and Discussion

3.1. X —ray diffraction

XRD patterns of Ni*? doped ZnO oxide with Ni content (x= 0.2, 0.4, and 0.7) calcined at 400, 600,
800, and 1000 °C are shown in Fig.1. The intense diffraction peaks of ZnO are found at 31.77,
34.43,36.27, 47.35, 56.61, and 62.83, respectively, related to the (100), (002), (101), (102), (110),
and (103) planes. The formation of the hexagonal Wurtizite structure ZnO (space group: P63mC
(186) as indexed in the standard data (JCPDS card No. 36-1451, a =3.249 A® and ¢ = 5.206 A°) is
clearly seen in the XRD pattern of these samples. This indicates that the crystal structure of ZnO
is not modified due to the presence of NiO. The prominent (002) plane is observed in all samples,
which is less or more dense plane. Such changes are to be expected that ZngNiOy4 (Z4N) is
preferentially oriented along (002) plane. The peak orientation is shifted from (002) plane to (100)
with 40 and 70 mole% which calcined at 800 and 1000 °C as shown in Table 1. It was revealed
that (from 20 and 70% mole) the ZnO peaks intensity were decreased which was attributed to the
decreasing in the crystallinity of ZnO causing increases of the electrical conductivity (high
defects). The shift in the (002) peak for Ni doped ZnO might be due to the substitution of Zn by
NiO in hexagonal lattice [28]. These shifts are consistent with the findings of the earlier study [29,
30]. Variations in the atomic environment caused by extrinsic doping of ZnO samples could
explain the shift in crystallinity [29, 30].
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Table 1. Peak orientation data for Ni.Zn.)O samples.

Samples Peak orientation%
plane 600°C 800°C 1000°C
Z2Ni (100) 63.7 56.9 65.2
(002) 45.0 47.9 48.4
Z4ANi (100) 65.4 50.0 55.9
(002) 52.0 47.2 44.1
Z7Ni (100) 64.1 55.0 60.0
(002) 47.1 40.0 40.0
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Fig. 1. XRD patterns of Ni.Zn )0 samples at different Ni content.

It was also observed that, an additional diffraction peak correspond to NiO comes into
existence at an angle 20=43.2 are slightly shifted to 8~42.9 which clearly indicate that a modified
phase cubic solid solution (Zn-Ni)O [31, 32]. Additional when x was increased from 40 to 70
mole% the NiO (111) peak could be more intense in the XRD pattern of samples. This intense
peak in the XRD spectra is corresponding to the remaining un-reacted NiO. That is to say that,
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phase segregation has started in the system calcined 800°C and the solubility of Ni*" ion in Zn;.
«Ni,O has decreased. Figure 2 depicts the influence of annealing temperature on the crystallinity of
the samples. The X-ray diffraction patterns of Ni doped ZnO samples at varied annealing
temperatures of 400, 600, 800, and 1000 degrees Celsius are shown in this figure. Annealing
improves crystallinity significantly, resulting in more intense and sharper XRD peaks. The ZnO
(002) peak shift exists after annealing at 600°C, however it is shifting to the right. Furthermore,
the standard peak position of ZnO powders (34.43°) found between those of the peak position
(34.2°) and (34.59°) implying that the lattice constant ¢ is shortened in the annealed samples [33].
Furthermore, due of the favored orientation during annealing at 600°C, grain growth can alter in
the peak intensity of (002). The crystallite size Dxgp of ZnO and NiZn;.,O at different
calcination temperatures was calculated based on main diffraction peak (6=34.43°) by using
Scherer’s equation [34]:

Dxrp = kNM/BCos0 2

where k is a constant (having the value of 0.9 in our case), A is the X-ray wavelength, 0 is the angle
of the diffraction and B is the full width at half maximum of the diffraction peak. The growth in
crystalline size due to thermal treatment temperature is shown in Table 2. The average Zn;.,Ni,O
nano phase crystallite size varied from 40 to 125 nm.
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Fig. 2. XRD patterns of Ni.Zn ., O samples at different calcinations temperature.
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Table 2. XRD data for Ni.Zn,,.,)O samples.

Sample Crystallites Lattice alc
Size Dxgrp Constant (A)
(nm) a c

7400 38 3.24 4.86 0.67

7600 49 3.26 5.21 0.63
71000 88 3.26 5.21 0.63
Z2N 400 13 3.25 5.22 0.62
Z2Ng0 47 3.25 5.22 0.62
Z2Ngno 90 3.25 5.22 0.62
Z2N1900 109 3.25 5.20 0.63
74N 400 21 3.25 5.21 0.62
ZANcon 47 3.25 5.21 0.62
ZA4Ngy 78 3.25 5.21 0.62
ZA4N 909 93 3.25 5.21 0.62
ZTN 400 85 3.25 5.21 0.62
ZTNgo0 50 3.25 5.27 0.62
ZTNggo 80 3.2 4.77 0.67
Z7N1900 80 3.25 52 0.63

3.2. SEM
SEM was utilized to look the detailed morphology of Ni doped ZnO sample. Fig 3 show
SEM images of Zl’ll()()(), anNi40(), anNi600, anNil()O(), Zn7Ni400, Zl’l7Ni600 and Zl’l7Ni100() samples.

Fig. 3.1 SEM images of NiO-ZnO samples: a) Znypy, b) Zn,Ni,00,c) Zn,Nigyy, d) ZnyNijgog,
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Fig. 3.2. SEM images of NiO-ZnO samples: e) Zn;Niyy, f) Zn;Nigpo, g) Zn7Ni 900

The images reveal high homogeneity at the surface with a lot of particle agglomeration.
The particles are nearly spherical shape and uniform in size. The increasing of calcination
temperature as well as increasing the Ni content from 20% to 70% show increasing of particle size
and enhance the aggregation of particles. Microstructure evolution in the sample is relative of
strong change in the composition and crystallizes during annealing process.

3.3. Electrical Properties

3.3.1. AC conductivity

The effect of temperature on the AC conductivity for Zn600, Z4N600, and Z7N600
samples in the temperature range of 298 K to 623 K in the frequency range of 10’-10° Hz is shown
in Fig. 4. Plotting the logarithm of Ac conductivity vs the inverse temperature 1000/T yielded the
Arrhenius plot. Using the relationship, the activation energy of the samples was determined.

6 =0y exp (-E/KpT) 3)

In which K3 is the Boltzmann const and o, is the pre exponential factor. The activation
energy of the samples was determined to be between 0.22 and 0.49 eV. The fact that AC
conductivity is temperature dependent shows that electrical conduction in the material is a
thermally stimulated process.
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Fig. 4. Temperature dependence of AC conductivity of: a) Znggy, b) Z4Ngpy and c) Z70Ngy.

It can be seen that the cac of ZnO samples increases as the temperature increases. The
natural features of ZnO (oxygen vacancies and interstitial Zn atoms) are well known to be created
at high temperatures using the following equations:

ZnO 2 Zn* + 1/20,(g) 4
n* 2 7n +e %)
7n® 27n*° +¢ (6)

Two additional electrons are added to the carrier concentration after ionization [38]. The
electrical conductivity of ZnO increases as the temperature rises. This occurs when the electron or
hole moves from one localized site to the next during the electrical conduction of doped ZnO [39].
The conductivity of the ZnO increases somewhat as the Ni concentration rises (Table 3). Under the
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effect of the tetrahedral crystal field of ZnO [40], the Ni-d—states emerging near the EF can be
divided into eg and t,g states. The t,g state after hybridization with the valence band's p orbital
[41].

The activation energy E, was calculates from the relation (3). The value of E, were
calculated at different frequency and given in Table 3. It was discovered that the electronic
contribution dominates weak activation energies (hopping over barriers between neighboring
localized state). Similar conductivity fluctuations have been documented [42]. The activation
energy of NiO — ZnO samples was found to be lower than that of ZnO. Because of the donor
concentration and impurity levels, the activation energy falls with NiO doping concentration. The
Fermi level rises in the energy gap as donor carrier concentration rises, resulting in a drop in
activation energy. The rise in conductivity with frequency may be an indication of trapped charges
being released in the disorder system. The nano crystallite nature of the samples contributes to
this.

Table 3. The effect of Ni content on the conductivity and the dielectric constant of Ni,Zn.)O.

Sample c g Ea (ev)
at 25°C
600Hz 100KHz 1 MHz 600Hz 100KHz 1 MHz
Zng 3.04x10° 21 35.1 28.7 0.49 0.34 0.25
ZANi 1.29x10™ 42 23.5 22.7 0.40 0.32 0.24
Z7Ni 7.14x107 37.7 325 26.7 0.34 0.25 0.22

3.3.2. Dielectric properties

Figure 5 shows the effect of temperature on the dielectric constant (¢'") of Zn600, Z4N600,
and Z7N600 samples. At lower frequencies, the increase in the dielectric constant with
temperature is more visible. It was discovered that as the temperature of the samples rises, the
dielectric constant of the samples rises as well. At low temperatures, molecular dipoles in polar
materials cannot orient themselves (dipole freezes). The dipoles' orientation is assisted as the
temperature rises, increasing the dielectric constant'. It's also worth noting that the number of space
charge carriers influences the polarization of space charge carriers. The number of carriers
increases as the temperature rises, resulting in a greater build-up of space charge polarization and
thus improved dielectric characteristics.
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The contribution of the multicomponent polarizability (ZnO, NiO, and (Zn — Ni)O solid
solution), which is deformational and relaxation, can be attributed to the decrease in dielectric
permittivity with frequency. Under the applied field, deformational polarizability is defined as the

(t)

300

00 =00 e00
T (K)

— 50 KHz
— 100 KH1
m— 300 KHy
= 700 KHy
—1 MHE

300

—— G00HZ |
— 10KHZ
— 100 KH
—— 700 KH
— 1MHZ

(@)

420 520 620
T (K)

mutual displacement of oppositely charged particles.

Figure 6 depicts the fluctuation in dielectric loss (¢'") as a function of temperature for the
investigated materials. At higher temperatures and lower frequencies, € exhibit substantial

temperature dependency, as shown in this diagram.
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Fig. 6. Temperature dependence of dielectric loss of: a) Zngyy, b) Z4Ngpy and c) Z70Ngy.

It was discovered that when the frequency increases, the € drops. The fact that the
dielectric constant and dielectric loss decrease with frequency suggests that ZnO crystals have
varied widths of domains and thus variable relaxation times [43].

It's worth noting that the extremely high values of €' and €' at low frequencies could be
owing to probable dielectric amplification caused by conducting grain boundaries covering
insulating grains. It should be mentioned here that the values of ¢ and € increases with
increasing the Ni content indicating the contribution of NiO in the increasing the polarization in
ZnO crystals.

3.4. Color properties

The color properties of Ni,Zn;,O (x= 0.2, 0.4 and 0.7) calcined at 600 and 1000 °C have
been investigated by using the CIELAB and coordinates. Table 4 shows the result of the
colorimetric coordinates L*, a*, b*. The results show that the calcinations of samples at
temperatures 600 and 1000 °C (Table 4) had caused the formation of dark blue pigment which is
due to the inclusion of Ni in ZnO structure from this table shown that Zn,gNiy, have very good
blue hue (L*=45.18, a*=13.26, b*=-38.74).

Table 4 shows however the important comparison of different pigment is the evolution of
pigment chroma C* and hue (h*). The results indicate that C*=41.14, h*=288.8 have larger value
of h* than that of the all before references samples which could be the consequence of a better
solid solution between ZnO and NiO [44]. Table 5 shows the color of this samples calcined at 600
°C at all different Ni"* ratios (from 20 to 70 mole %) have more intense color than the samples
which are calcined at 1000 °C this is due to the sintering process. Furthermore by increasing the
concentration of Ni" ions the dark blue color of the samples were decreases from (20 to 70 mole
%). This is due to the remaining un-reacted NiO.



Table 4. Colorimetric data for Ni.Zn,.,)O samples.

Sample CIE Lab/Colorimetric data

L* a* b*
Z2N 40 33.57 18.06 -37.7
72Ny 45.18 13.26 -38.7
Z2N 409 27.15 8.56 -17.6
Z2N 40 28.96 12.16 -24.7
74Ny 30.21 10.88 -24.2
ZA4N 09 279 9.51 -20.4
Z7N 409 28.08 9.02 -11.2
Z7Ng00 30.92 7.21 -17
7N1000 28.22 6.05 -14.4
Nijgg0 29.14 6.36 -15

Table 5. Colorimetric data for Ni.Zn ., O samples.

Sample L* C* h Pho )
Z2N 409 33.57 41.8 295.6
Z2Ng00 45.18 41.14 288.8
Z2N 000 27.15 19.54 296
ZA4N 409 28.96 27.55 296.2
ZA4Ngo 30.21 26.56 294.2
ZAN 00 279 22.54 295
ZTN400 28.08 19.42 297.7
Z7Ng00 30.92 18.45 293
Z7N1000 28.22 15.63 292.8
Nijg00 29.14 16.26 293
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4. Conclusion

Nanosized Ni doped ZnO (NiZn;,O, with (20 < x < 70) were prepared by co-
precipitation method. The results of the XRD and SEM obviously show that Ni*" ions easily
integrate into the ZnO structure. For the highest concentration of Ni*" for x = 0.40 and 0.70 of Ni*"
doping, the XRD revealed an additional NiO — associated diffraction peak, indicating an upper
limit of Ni concentration. The crystallite size was discovered to be between 13 and 109 nm. With
the addition of Ni to the solution, the temperature dependency of electrical conductivity of samples
increases. The temperature dependence of dielectric consist of samples is found to decrease with
incorporation of Ni in the ZnO. The samples show very good blue color with load 20% of Ni.
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