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Abstract
The present work attempted to investigate the effect of  SiO2 addition on the dielectric properties and microstructure 
of the  ZnNiO2—ceramics. The content of added  SiO2 is in the range 5–40 wt%, while that of the other additives keeps 
constant. The given samples were sintered at 1000–1300 °C for 120 min, with conventional ceramic processing method. 
By X-ray diffraction, Zinc silicate, Nickel silicate, Quartz, Nickel Zinc Oxide, Zinc Oxide and Nickel oxide were found in 
all the samples, and no extra phases were identified in the detection limit. Minimum water absorption was present in 
specimens fired at 1300 °C for 120 min. The DTA pattern shows a clear indication of five maxima happening at the point 
104.1 °C, 112 °C, 109.5 °C, 106 °C, and 117.9 °C, respectively. SEM studies show that the increase of  SiO2 wt% had signifi-
cant influence on grain growth and microstructural characteristics of the sintered specimens. There are agglomerated 
fine particles of NiO, because it has high surface tension. The electrical properties of the samples varied with the increase 
content of  SiO2. The capacitance (pF) and, dielectric constant (ɛ−), decrease when  SiO2 content increase and with increas-
ing frequency whereas, conductivity increased with increase content of  SiO2.
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1 Introduction

Transition metals oxides are an important class of semi-
conductors, which have many applications such as mag-
netic storage media, solar energy transformation, elec-
tronics and catalysis, gas sensors, varistors, photocatalyst, 
electrochemistry, photoconductive and photothermal 
applications. These compounds are characterized by the 
in complement d-shell of the metal cations, which makes 
them the best material in consideration of the electrical 
properties [1].  SiO2 has excellent dielectric properties, very 
high resistivity of ~ 1018 cm and a large band gap of ~ 9 eV. 
Silica generally has served as the dielectric material for sil-
icon-based microelectronic applications in decades, good 
resistance, electrical insulation, and good thermal stability. 
Also, fused silica used as good dielectric, insulating proper-
ties, and refractory materials or investment casting. Quartz 

is an insulator with band gaps ~ 6, used as substrates for 
supported catalysts. Their different applications are also 
shaped dependent [2–4]. Nickelous oxide nanoparticles, is 
an important metal oxide acts as a P-type semiconductor, 
has band gap ranged (3.6–4.0 eV) and high thermal sta-
bility, used in catalysis, gas sensing, battery cathodes and 
magnetic materials [5–8]. Pure stoichiometric NiO crystals 
are perfect insulators but it becomes a conductive sub-
stance by substituting Li for Ni at Ni sites or creating Ni 
vacancies [9, 10]. Also, NiO has excellent durability, electro-
chemical stability, low material cost, and large span opti-
cal density. ZnO oxide is a II–VI compound semiconductor 
with wurtzite structure [11, 12]. ZnO nanostructure have 
been explored a wide range applications in nanosclale 
devices such as, transparent conductors, solar cell win-
dows, gas sensors, emission transistors, ultraviolet photo-
detectors and surface acoustic wave devices because of 
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their n-type conducting with an optical transparency in 
the visible range [13–15]. It has a wide band gap (3.37) 
eV in the near-UV spectral region, and a large free-exac-
tion binding energy (60 meV) [16–21]. In this study, ZnO, 
NiO, and  SiO2 were used as source materials to format 
ZnO–NiO–SiO2 compositions by using solid-state reaction 
method. The influences of sintering temperatures and  SiO2 
wt % on the crystal structures and dielectric properties of 
all compositions are developed.

2  Experimental procedure

The ceramic materials ZnO, NiO, and  SiO2 were prepared 
by the solid-state reaction method. Reagent-grade raw 
materials of ZnO, NiO, and  SiO2 with higher than 99.5% 
purity were used as starting materials, mixed according 
to the compositions. Batches were abbreviated as  S1,  S2, 
 S3,  S4,  S5, and  S6 (see Table 1). After ball-milled for 3 h with 
deionized water, dried, and ground, then the samples were 
calcined at 800 °C for 120 min. After calcinations, the sam-
ples were ground again, and then polyvinyl alcohol (PVA) 
as a binder was added. Two discs were used, the first one 

has 1.2 cm diameter and 0.2 cm thickness, and the second 
disc has 5 cm diameter and 0.2 cm thickness. These two 
discs were processed by a semi-dry press method under 
70 kN. Small specimens were subjected to thermal treat-
ment to select the proper maturing temperature for each 
mix. Three discs were always fired in muffle kiln with a rate 
of heating of 5 °C/min in the temperature range between 
1000 and 1300 °C and for 120 min and cooled to room 
temperature freely. The sinterability of the different sam-
ples was determined in terms of physical properties. The 

Table 1  Composition of different mixes

Oxides NiO mol% ZnO mol% SiO2 mol%

S1 55 40 5
S2 50 40 10
S3 40 40 20
S4 35 40 25
S5 30 40 30
S6 25 40 40
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sintering behavior was investigated by differential ther-
mal analysis (DTA–TG) instruments, using a heating rate of 
10 °C/min in air from room temperature up to 1000 °C. The 
crystal structures of different samples were analyzed using 
XRD patterns with using CuKa radiation. The microstruc-
ture of ZnO–NiO–SiO2 ceramics were observed by using 
scanning electronic micrograph (SEM) type Philips XL 30 
provided with EDS. The dielectric properties and conduc-
tivity as a function of frequency of sintered samples were 
measured using (The PM 6304 program able automatic 
RCL meter).

3  Results and discussion

Results of density are shown in Fig. 1. A increase in density, 
firing shrinkage and decrease in water absorption were 
recorded with the rise in temperature. A maximum den-
sity, firing shrinkage and Minimum water absorption were 

attained in specimens fired at 1300 °C for 120 min. Maxi-
mum density in a sample  (S1) containing, 40 mol% ZnO, 
55 mol% NiO, and 5 mol%  SiO2 fired at 1300 °C for 2 h. The 
content of pores and open governs the degree of densi-
fication reached at maturity. Minimum water absorption 
does not mean maximum densification. Also, the content 
of closed pores got affected to a greater extent the sinter 
ability of the ceramic samples produced. Usually, a percent 
not exceeding 98% was displayed by different mixes. Mini-
mum water absorption in the sample  (S2) which contain-
ing, 40 mol% ZnO, 50 mol% NiO, and 10 mol%  SiO2 fired at 
1300 °C for 2 h as shown in Fig. 2. Results of firing shrink-
age as a function of the temperature of different mixes 
are given in Fig. 3. XRD analysis of sintered sample reveals 
to the formation of new phases and lattice constants of 
phase were change after sintering. Results of XRD patterns 
of different mixes sintered at 1300 °C are present in Fig. 4. It 
is easy to identify the main phase ZnO, Ni ZnO (Ni.8Zn.1O), 
NiO, zinc silicate and nickel silicate by fitting d spacing 

Fig. 4  XRD of different mixes sintered at 1300 °C. Where A zinc silicate  Zn2  (SiO4), B nickel silicate, liebenbergite, olivine  Ni2(SiO4), C quartz, D 
nickel zink oxide, F zink oxide, G nickel oxide, H cristobalite
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Fig. 5  The DTA thermo gram of sample  S2

Fig. 6  The DTA thermo gram of sample  S6
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data. The results show that  Zn2SiO4 and Olivine  Ni2SiO4 
generate during sintering, but the d-spacing data do not 
exactly match with those of JCPDS card. Then  Zn2SiO4 and 
 Ni2SiO4 crystallized at the ZnO boundary during furnace 
cooling and formed the potential barrier, and there is a 
little difference in d-spacing between  Zn2SiO4 in the sam-
ples. Therefore, the crystallized  Zn2SiO4 is a solid solution 
dissolving and other elements.  SiO2 does not react com-
pletely with others at 1300 °C because of the evidence of 
 SiO2 existing in the samples sintering at 1300 °C as shown 
in Fig. 4. It is easy to identify the main phase willemite 
 Zn2(SiO4) (PDF card no. 01-070-1235) as the major phase, 
B: Liebenbergite  Ni2SiO4 and Nickel-zinc oxide, zinc silicate 
and nickel silicate by fitting d spacing data. It is easy to 
identify the main phase willemite  Zn2(SiO4) (PDF card no. 
01-070-1235) as the major phase, B: Liebenbergite  Ni2SiO4 
and Nickel-zinc oxide, zinc silicate and nickel silicate by 
fitting d spacing data.   

Figure  5 show the differential thermal analysis DTA 
thermogram of a sample  [S2]. The thermogram shows 
an endothermic effect in which, the onset of the peak 
at 32.2 °C, the offset at 297.1 °C, the mix/min at 104.1 °C 
is equal to − 16.436  μv, and heat change is equal to 
− 1220.808 μVs/mg. Figure 6. Show the differential ther-
mal analysis DTA thermogram of a sample  S6. The ther-
mogram shows an endothermic effect in which, the onset 
of the peak at 36.2 °C, the offset at 298.3 °C, the mix/min 
at 109.5 °C is equal to − 16.817 μv, and heat change is 
equal to − 1503.706 μVs/mg. Figure 7 shows the TG ther-
mogram of sample  S2, in which, the mass of the sample 
at 34.6 °C is equal to 9.496 mg, a mass of the sample at 
84.5 °C is equal to 9.313 mg, and mass change is equal to 
− 0.18 mg. In addition, the mass of the sample at 84.5 °C 
is equal to 9.313 mg, a mass of the sample at 195.3 °C is 
equal to 8.965 mg, and mass change is equal to − 0.35 mg. 
In addition, the mass of the sample at 195.3 °C is equal 

Fig. 7  The TG thermo gram of sample  S2
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to 8.965 mg, a mass of the sample at 352.3 °C is equal to 
8.650 mg, and mass change is equal to − 0.31 mg. Figure 8. 
Shows the TG thermogram of sample  S6, in which, a mass 
of the sample at 56.3 °C is equal to 9.056 mg, a mass of the 
sample at 207.5 °C is equal to 8.493 mg, and mass change 
is equal to − 0.56 mg. In addition, the mass of the sample 
at 207.5 °C is equal to 8.493 mg, a mass of the sample at 
268.9 °C is equal to 7.975 mg, and mass change is equal to 
− 0.52 mg. In addition, the mass of the sample at 268.9 °C 
is equal to 7.975 mg, a mass of the sample at 344.2 °C is 
equal to 7.758 mg, and mass change is equal to − 0.22 mg.   

SEM micrographs of ZnO–NiO–SiO2-based ceram-
ics with different sintering temperature. It can be seen 
that the microstructure consisted of only two phases; 
ZnO grain (bulk phase) and intergranular layer (second 
phase) consisted of Ni- and Si-rich phase located at the 
boundaries as indicated by EDAX. The microstructure was 
more densified with increasing sintering temperature. 
All of these compositions led to dense ceramic bodies 

after sintering at 1000 °C or 1300 °C, with microstructures 
similar to Figs. 9, 10 and 11. Also, the microstructure of 
ZnO–NiO–SiO2 sintered specimens ‘show uniformly sized 
grains of average size less than 10 pm. Liquid phase sin-
tering can produce smaller grains than that formed by 
solid state process. It can be concluded that the effect of 
 SiO2 addition was demonstrated not only by the decrease 
of the sintering temperature but also by densification of 
ZnO–NiO–SiO2 ceramics. SEM of mix  S2 is shown in Fig. 9. 
There are different shades, the main bulk formed of grains 
of ZnO with smaller white nodal shaped grains, lying inter-
granular. EDAX of these grains indicates that they are a 
mixture of Ni and Zn. The decrease of grain size is attrib-
uted to the precipitation of secondary phase in the grain 
boundaries and nodal points. SEM of sample  S2 shows the 
segregation of the intergranular phase in patches. This 
is evident from the different shades displayed varying 
from dark grey–light grey and white. The samples were 
of a very dense microstructure. Although some pores 

Fig. 8  The TG thermo gram of sample  S6
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Fig. 9  SEM of sample S2, a S2 annealed at 1000 °C for 2 h X = 2000, 
b S2 annealed at 1000  °C for 2  h X = 20,000, c  S2 at annealed at 
1100  °C, X = 2000 shows more dense microstructure (crystalline 
phase), d  S2 at annealed at 1100  °C, X = 10,000, e EDXA of sample 
 S2 annealed at 1100  °C showing, the distribution of different ele-

ments in the intergranular accumulation, f  S2 annealed at 1200 °C, 
X = 2000, g  S2 annealed at 1200  °C, X = 10,000, h  S2 annealed at 
1300 °C, X = 2000, i  S2 annealed at 1300 °C, X = 10,000, shows intra-
ganular Ni, Si rich phase, more homogeneous and more dense 
microstructure



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:136 | https://doi.org/10.1007/s42452-019-1891-4

were present, they were very small and separated from 
one another. SEM micrographs in Fig. 10. show the micro-
structure of the Sample  S3 after sintering at 1000 ◦C for 
2 h. shows evidence of the existence of a liquid phase as 
well as relatively small grains, with an average size clearly 
below the micron (similar to the particles sizes of the start-
ing materials) i.e. figure shows the microstructure of the 
as-prepared ZnO–NiO–SiO2 micro-composite (mix  S3). 
The ZnO grains are homogeneous, NiO,  SiO2 particles are 
small and distributed at the boundary of the ZnO grains. 
Elementary composition analysis by EDAX confirms that 
the Ni and Si contents are higher near the grain bound-
ary than in the matrix (ZnO), indicating the formation of 
a Ni-rich phase along the ZnO grain boundaries. The SEM 
of the sample  (S5) after sintering at 1000 °C for 2 h pre-
sent in Fig. 9. Shows evidence of the presence of the liquid 
phase as well as relatively small grains, with an average 
size clearly below the micron (similar to the particle size 
of the starting materials. SEM of sample  S5, after sintering 
at 1100 °C for 2 h shows the segregation of the intergran-
ular phase in patches. This is evident from the different 
shades displayed varying from dark grey – light grey and 
white. The samples were of a very dense microstructure. 
Although some pores were present, they were very small 
and separated from one another. The SEM of sample S5 

fired at 1200 °C/2 h clearly indicates the morphology of 
the particles to be roughly spherical and homogeneous. 
Some of the particles are agglomerates, and crystalline 
phase silica beads formed dense aggregates of spheres. 
SEM of sample S5 sintered at 1300 °C for 2 h reveals the 
randomly distributed aggregated micro rods of particles 
and the average diameter of micro rods ~ 1 to 2 µm.

The dielectric properties of ZnO–NiO–SiO2 ceramic 
system were studied in the frequency range from 50 Hz 
to 5 MHz at room temperature. Figure 12a–d show the 
variation of the dielectric constant as a function of fre-
quency for all samples. Obviously, the dielectric con-
stant shows a decreasing trend for all the samples. The 
decrease is rapid at a lower frequency and slower and 
stable at the higher frequency. The decrease of dielectric 
constant with increasing frequency is a normal dielec-
tric behavior which is also observed by other research-
ers [22–27]. This behavior may be due to the present 
of interfacial polarization and electron hopping takes 
place, [28], which exists in non-homogeneous dielec-
tric and was explained by Koops and Maxwell–Wagner 
model [29–31]. Therefore, at a lower frequency the die-
lectric constant is maximum. For different mixes sintered 
at 1000 °C and 1100 °C for 2 h, the increase mol%  SiO2 
from the sample  (S1–S6) leading to a maximum dielectric 

Fig. 10  SEM of sample  S3 at 1000 °C for 2 h. a X = 2000, b X = 20,000, thermally etched shows homogeneous distribution of uniform grains of 
ZnO and intergranular Ni and Si-rich phase (crystalline phase)
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Fig. 11  SEM of sample  S5. a Annealed at 1000  °C for 2  h, ther-
mally etched, general view X = 2000, b annealed at 1000  °C for 
2  h, X = 20,000. c Annealed at 1100  °C for 2  h, thermally etched, 
general view X = 2000. d Annealed at 1100  °C for 2  h, thermally 
etched, general view X = 20,000. e At 1200 °C for hour 2 h, thermally 

etched, general view X = 2000. f At 1200 °C for 2 h, crystalline phase 
silica beads formed dense aggregates of spheres (X = 20,000). 
g at 1300  °C for 2  h, thermally etched, general view X = 2000. h 
at 1300  °C for 2  h showing glassy phase between the ZnO grains 
X = 20,000 (crystalline phase)
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constant at all frequency related to  S5. Generally the die-
lectric constant for all samples decreases with increasing 
frequency. This decrease may be due to the increased 

intergranular porosity resulting from discontinuous 
grain growth and the absence of the space charge polari-
zation at the higher frequency. Also when annealed at 

Fig. 12  AC Dielectric constant 
as a function of frequency for 
different mixes. a sintered at 
1000 °C, b sintered at 1100 °C, 
c sintered at 1200 °C, d sin-
tered at1300 °C

Dielectric constant as a function of frequency sintered at1000OC

Dielectric constant as a function of frequency sintered at1100OC
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1200 °C and 1300 °C for 2 h. The increase mol%  SiO2 
from a sample  (S1–S6) leading to a maximum dielectric 
constant at all frequency related to  S3. This observa-
tion may be attributed to a combined contribution to 

the dielectric constant due to electric, ionic, interfacial 
polarization at low frequencies. At higher frequency, 
there are space charge polarizations in these materials. 
The results of dielectric loss as a function of frequency 

(c) Dielectric constant as a function of frequency sintered at1200OC

(d) Dielectric constant as a function of frequency sintered at1300OC
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at room temperature of different groups sintered at 
1000 °C, 1100 °C, 1200 °C and 1300 °C for 2 h are graphi-
cally plotted in Fig. 13a–d, all mixes exhibit decrease 
relation demonstrated by the value (ε−). The dielectric 
loss increase as the content of  SiO2 increase from 5 to 

40 mol% reaches a maximum value 3.14312 × 107 at log 
f = 2.3979(250 Hz) (0.25 kHz) in the sample  (S3)annealed 
at 1300 °C for 2 h. The relation between conductivity 
and frequency for different mixes of different groups 
are shown in Fig.  14a–d. It increases with increasing 

Fig. 13  AC Dielectric loss as 
a function of frequency for 
different mixes. a Sintered at 
1000 °C, b sintered at1100 °C, c 
sintered at 1200 °C, d sintered 
at 1300 °C
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frequency at room temperature. This may be attributed 
to the increase in the number of dipoles. The increase of 
frequency raised the conductivity because it increases 
the ionic response to the field again this is related to 
intergranular material at the field again this is related 
to intergranular material at any particular temperature. 
These effects are associated with polarization currents 

arising from trapping states of various kinds and densi-
ties. We can deduce that the increase of the percentage 
of  SiO2 and frequency in the different samples leading 
to increasing of resistivity.  ZnNiSiO4 are ceramic semi-
conductor materials, these components have specific 
resistance, it used as protection of electric and electronic 
devices.   

(c) AC Dielectric loss as a function of frequency sintered at1200OC                          

(d) AC Dielectric loss as a function of frequency sintered at1300OC 

2 3 4 5 6 7

0

5 0

1 0 0

1 5 0

2 0 0

0.65.50.55.4

0

1 0

2 0

 S 1
 S 2
 S 3
 S 4
 S 5
 S 6

D
ie

le
ct

ric
 lo

ss
 ε−−

∗1
012

L o g F (H Z )

5.40.45.30.3

765432

0

4 0

8 0

1 2 0

1 6 0

2 0 0

0.65.50.5

- 4

0

4

8

1 2

1 6

2 0

 S 1
 S 2
 S 3
 S 4
 S 5
 S 6

D
ie

le
ct

ric
 lo

ss
 ε

−−
∗1

012

L o g F ( H z )

2 E 6

4 E 6

0

Fig. 13  (continued)



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:136 | https://doi.org/10.1007/s42452-019-1891-4

Fig. 14  AC Conductivity as 
a function of frequency for 
different mixes. a Sintered at 
1000 °C, b sintered at 1100 °C. 
c Sintered at1200 °C, d sintered 
at 1300 °C
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