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Structures and Properties of KxCryNi1-x-yO Dielectric Materials Prepared by an  
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KxCryNi1-x-yO (x = 0.05-0.20, y = 0.02) dielectric materials were prepared using a facile simple 
green ultrasonic-assisted sol-gel method. All samples have a main phase consisting of a cubic NiO 
structure and with nanoscale crystallite sizes (28.58-37.51 nm). However, secondary phases were also 
observed for the samples with x values exceeding 0.10. The fractured surface microstructures of the 
samples with x values less than 0.15 exhibited uniformly distributed spherical grains. Other samples 
showed irregularly shaped grains. The grain sizes were larger when x was increased to 0.15 and 
exhibited increased grain growth probably due to substitution of K ions into the NiO lattice. However, 
a reduction of grain sizes was observed in the sample with x = 0.20, possibly due to inhibition of the 
grain growth by the secondary phase. At room temperature and a frequency of 1013 Hz, the highest 
dielectric constant of 2.25 × 104 was obtained for the samples with x = 0.15.
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1. Introduction
Dielectric materials are lead free and have high dielectric 

constants. They are attractive for their potential uses in 
microelectronic device applications such as memory devices 
and capacitors1-6. The search for materials with higher dielectric 
constants is to enable the reduction of circuit-sizes and to 
make decisions on the level of miniaturization. Recently, 
monovalent alkali and transition metal doped NiO systems 
with the formula, AxByNi1-x-yO, have attracted much attention 
from researchers due to their extraordinarily high dielectric 
constants5-8. As is well-established, NiO is a Mott-Hubbard 
insulator at room temperature. However, doping with monovalent 
cations (A) can cause a considerable increase in the electrical 
conduction of NiO, and thus it becomes a semiconductor 
due to point defects. Meanwhile, the addition of a transition 
metal (B) into NiO promotes accumulation of insulating 
phases at the grain boundaries. Thus, the interior of grains 
is semiconducting in nature, while the shell of the grains or 
grain boundaries is an insulator, as one would expect for a 
boundary layer capacitor (BLC) structure. Many researchers 
have reportedly tuned the level and types of A (e.g., Li5,7,9-26, 
Na6,27, K28-31) and B (e.g., Sn5, Ti9,11,13,17,19,24, Si6,10, Sc12, Al14,16, 
Ta15, Cr7,20,21, V22-24, W23, Fe24, Co25, Cu26) additives. Varying 
their concentration by controlling the A and B additives, Wu and 
co-workers9 are the first group to investigate the composition 
of LixTiyNi1-x-yO (where x ≤ 0.3 and y ≤ 0.1). They report 
that the optimal compositions of x and y are 0.30 and 0.02, 
respectively, showing a giant dielectric constant of 105 near 

room temperature and weak temperature dependence over a 
wide temperature range. This huge dielectric constant can be 
explained using the boundary layer capacitor (BLC) model, 
consisting of the semiconducting (Li doped NiO) grains and 
the Ti-rich insulating grain boundaries. Furthermore, some A 
additives such as Li9,11,13, Na6,27 and K28,29 used for optimizing 
the concentration of x in AxByNi1-x-yO also exhibit very high 
dielectric constants (~105). Among these additives, a K 
dopant provides for materials with good electrical properties 
as semiconductors30 and low solid solubility32. Jana’s group 
investigates the addition of K as an A-element, varying the 
x concentration over the range of 0.04-0.30. The B-element, 
Ti, is fixed at 0.02 in KxTiyNi1-x-yO dielectric materials28-30. 
These materials present interesting results. They have high 
dielectric constants and low loss tangents with rather weak 
temperature and frequency dependence. The high dielectric 
constant of these materials is attributed to the semiconducting 
grain (K doped NiO) surrounded by Ti-rich insulating 
grain boundary, as found in BLC model. This behavior is 
similar to that found for a tuned B addition in doped NiO 
systems5,6,21. In our previous study, we reported the influence 
of Cr doping on the structure and dielectric properties of  
LixCryNi1-x-yO ceramics with varying the concentrations of 
Cr as 0.02, 0.05 and 0.10 mole21. The concentration of Cr 
dopant is 0.02 mole and has the highest dielectric constant 
(εr ~ 105 at room temperature) over a wide frequency range. 
The huge dielectric constant response observed in this sample 
may partially result from the microstructure of Li, Cr-doped 
NiO semiconducting grain surrounded by less conducting 
(Cr-rich phase) grain boundary, as predicted by BLC structure. *e-mail: bualan.kh@udru.ac.th
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Moreover, a giant dielectric constant may partially result from 
the high polarization of a large amount of defect dipoles by 
Cr doping. So far, a report on the structure and dielectric 
properties of KxCryNi1-x-yO has not been published. Thus, in 
this work, we have attention to study the dielectric properties 
of KxCryNi1-x-yO with varying K concentration at levels of 0.05, 
0.10, 0.15, and 0.20 mole with a fixed level Cr at 0.02 mole. 
The purpose of this work is to get the new material having 
the excellent dielectric properties. The explanation for the 
high dielectric constants of the NiO-based materials requires 
several considerations, including increased grain size28,30, 
defect dipoles13,25 and inhomogeneous electrical conduction 
of semiconducting grains surrounded by more insulating 
grain boundaries as in a BLCs microstructure29. Furthermore, 
the formation of a huge dielectric constant in these materials 
depends on the preparation conditions that control the 
relationship between the structure and properties of the grains 
and grain boundaries. An ultrasonic-assisted sol-gel method is 
chosen to prepare KxCryNi1-x-yO in the current research. This is 
because such a method requires a shorter preparation process 
compared to the conventional sol-gel process. Furthermore, the 
ultrasonic method is simple, efficient, green and eco-friendly. 
Small nanoscale particles33 and a lower temperature process34 
also resulted. The influence of K doping on the structure and 
dielectric properties of KxCryNi1-x-yO was also studied.

2. Experimental Details
KxCr0.02Ni0.98-xO materials (x = 0.05-0.20) were prepared 

via an ultrasonic-assisted sol-gel method. High purity 
potassium acetate (CH3COOK), nickel (II) acetate tetrahydrate 
((CH3COO)2Ni·4H2O), and chromium (III) nitrate nonahydrate 
(Cr(NO3)3·9H2O) were used as the starting materials with 
1,3-propanediol as a chelating agent in the procedure. 
In this method, stoichiometric amounts of CH3COOK, 
(CH3COO)2Ni·4H2O and Cr(NO3)3·9H2O were dissolved 
in deionized water and then mixed with 1,3-propanediol 
to obtain a precursor solution. A 50 cm3 volume of the 
precursor solution was placed in a flask (Schlenk Tube, 
100 cm3, diameter (ϕ) 5.0 cm), and its temperature was kept 
at 25±1 °C by circulating thermostatically-controlled water 
(0.01 m3) around the flask. The temperature was observed by 
means of a thermocouple probe (Agilent U1185A; J-Type) 
immersed in the top half of the solution and connected to a 
microcomputer. Sonication was carried out for an extended 
time using a 200 W ultrasonic power supply, a converter 
and a booster that provided longitudinal vibrations to the 
horn (diameter (ϕ) = 0.5 cm) at a frequency of 20 kHz for 
1 h33. The precursor was dried and calcined in a furnace at 
500 °C for 3 h in an air atmosphere with a heating rate of 
3 °C/min to obtain an oxide powder. The samples with varying 
K concentrations are K0.05Cr0.02Ni0.93O, K0.10Cr0.02Ni0.88O, 
K0.15Cr0.02Ni0.83O and K0.20Cr0.02Ni0.78O. Thermal decomposition 
of dried samples was examined using TG/DTA (Perkin Elmer, 
Pyris Diamond) which involved heating to 700 °C at a rate of 
10 °C/min under an airflow. The oxide samples were pressed 
into pellets, 2-3 mm in thickness and then fired at 500 °C for 
3 h under an air atmosphere with a heating rate of 3 °C/min. 
The crystal structure and phase composition of the products 
were characterized using XRD (PANalytical, EMPYREAN) 
analysis, employing monochromatic CuKα, with a counting 

time of 1.0 sec and scan step of 0.02° from 20° to 80° (2θ). 
For the phase analysis, the diffractograms of samples were 
compared with the Crystallography Open Database (COD), 
using X’Pert HighScore Plus Version 3.0.5 software. The 
fractured surface morphologies of the pellet samples were 
characterized using FE-SEM (FEI Helios NanoLab G3 CX). 
Diffuse reflectance absorption spectra of the samples were 
recorded on a Shimadzu UV-VIS-NIR3101PC scanning 
spectrophotometer. The pellet samples were formed into thin 
plates with smooth surfaces onto which Ag was painted to 
study their dielectric properties. Their dielectric properties 
were measured using an impedance analyzer (E4990A, 
KEYSIGHT) over the frequency range from 100 Hz to 1 MHz.

3. Results and Discussion
The TG curve of the K0.15Cr0.02Ni0.83O dried sample 

(Figure 1) shows three stages of weight loss. The first stage 
occurs below 150 °C with a small endothermic peak observed 
at around 70 °C, due to evaporation of residual water in the 
dried sample35. The second stage demonstrates a large weight 
loss of 36.85% in the TG curve over a temperature range of 
150-360 °C, corresponding to a sharp endothermic DTA peak 
at 345 °C. It may be ascribed to thermal decomposition of 
residual organics (acetate groups) in the dried sample17,36. The 
final stage yields a 9.30% weight loss over the temperature 
range of 360-500 °C, accompanied by two exothermic DTA 
peaks at 390 °C and 500 °C, corresponding to the nucleation 
and crystallization of oxide products26,37. No further weight 
loss is observed above 500 °C. In this work, the precursors 
are calcined in air at 500 °C for 3 h, and an oxide phase is 
obtained at 500 °C as seen in the XRD results.

During synthesis, the black color of pure NiO and doped 
NiO powders after calcination and sintered pellets is not 
changed. The XRD patterns of calcined powders (see the 
supplementary material information for Figure S1) and sintered 
samples (Figure 2) are found to be similar, which implies 
that there are no decomposition reactions to produce other 
phases during the sintering progress38. Structural analysis 
of all samples is refined using the Rietveld technique. The 
Rietveld refined XRD patterns of pure NiO and the sintered 
samples with various K concentrations are shown in Figure 2. 

Figure 1. TG/DTA curve of the K0.15Cr0.02Ni0.83O sample.
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Dotted symbols correspond to the observed data points 
and the red solid line is the calculated Rietveld result. The 
vertical black tick marks indicate the position of the Bragg 
reflections of the cubic NiO phase and the blue solid line 
at the bottom reveals the difference between the observed 
data points and the calculated data. It can be seen that all 
samples could be fitted to the cubic NiO structure within 
the Fm-3m space group (COD database code: 9008693). All 
XRD patterns of the cubic NiO structure are nearly identical 

and show diffraction peaks at 37.41°, 43.48°, 63.13°, 75.62° 
and 79.70° that relate to the (111), (002), (022), (113) and 
(222) planes, respectively. The Rietveld refined parameters 
and site occupancy of all samples are listed in Table  1. 
During refinement, the site occupancies of the elements are 
estimated without constraints. The structural parameters are 
refined by the Rietveld technique along with the values of 
the expected weighted profile factor (Rexp), weighted profile 
factor (Rwp) and goodness of fit (GOF) index. It is found that 

Figure 2. Rietveld refined parameters of pure NiO and samples with various K concentrations. The dotted symbols represent the observed 
data points and the red solid line is calculated Rietveld refined data. The vertical black tick marks indicate the position of the Bragg 
reflections of the cubic NiO phase and the blue solid line at the bottom reveals the difference between the observed data points and the 
calculated data.
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all index parameters can be used as numerical criteria of the 
quality of fit when calculating the experimental diffraction 
data, in agreement with other reports7,39. The refined lattice 
parameter values change slightly in comparison with the 
pure NiO (4.1768 Å) and increase with the K content from 
4.1787 to 4.1839 Å, which could possibly result from the 
larger ionic radius of K+ (1.38 Å) than that of Ni2+ (0.69 Å)40. 
All samples show broad diffraction peaks because of their 
nanocrystalline sizes, which are 28.58, 37.51, 35.60 and 
29.72 nm for the samples with x values of 0.05, 0.10, 
0.15 and 0.20, respectively. These sizes are determined 
using Scherrer’s formula. Furthermore, small amounts of 
secondary phases are also observed for some samples, 
including a K2NiO2 phase (COD database code: 1530497) in 
the K0.10Cr0.02Ni0.88O sample, K2Cr2O7 (COD database code: 
1528259) and KCrO2 (COD database code: 1534559) in the 
K0.15Cr0.02Ni0.83O and K0.20Cr0.02Ni0.78O samples. The presence 
of these phases might be due to the remarkable difference 
between the ionic radii of K+ and Ni2+ ions and K content 
of over 0.10 moles in samples, leading to the limitation of 
the solid solubility of K+ in the lattice.

FE-SEM images of the samples with various K contents 
are shown in Figure 3. The fractured surface microstructures 
of the samples with x values lower than 0.10 reveal 
uniformly distributed and nearly spherical nano-sizes grains. 
However, irregularly shaped grains are observed for the 
samples with K concentrations of 0.15 and 0.20 mole. The 
grain size distribution of each sample is displayed in their 
respective histograms. One-hundred grains were counted for 
each measurement and the average grain sizes (Gave) were 
represented to produce the histograms. It is found that the 
average grain sizes of all samples are nano-scale and increase 
with K concentrations from 0.05 to 0.15 mole. There may 
be some K+ ion substitution into the NiO host lattice that 
may result from lower activation energy and higher ionic 
mobility of K+ ion. Thus, the K+ ions enter the nucleation 
sites and enhance grain growth, leading to increased grain 
sizes41. With a K concentration of 0.20 moles, the average 
grain size is reduced because of grain growth inhibition 
in the samples by secondary phases, as reported in other 
researchers26,42,43. The elemental analysis clearly reveals 
K, Cr, Ni and O components from EDX mapping at 3500× 
magnification (Figure 4). It can be seen that the K and Cr 
nanoparticles are well-dispersed throughout the selected 

area in the K0.05Cr0.02Ni0.93O sample (Figure 4a). There is a 
heterogeneous distribution of K and Cr nanoparticles in the 
element mapping of the K0.15Cr0.02Ni0.83O sample (Figure 4b), 
which could have resulted from agglomeration of potassium 
and chromium oxides as secondary phases. This result is 
related to the presence of K2Cr2O7 and KCrO2 secondary 

Table 1. The structural refined parameter (a), lattice volume (V), expected weighted profile factor (Rexp), weighted profile factor (Rwp), 
goodness of fit (GOF) and site occupancy of pure NiO and samples with various K contents.

Parameters Pure NiO
K concentration

x = 0.05 x = 0.10 x = 0.15 x = 0.20
Lattice parameter (Å) 4.1768(2) 4.1787(2) 4.1806(2) 4.1827(2) 4.1839(2)
V/ (106 pm3) 72.8662 72.9687 73.0652 73.1782 73.2381
Rexp (%) 5.28 5.32 5.36 5.88 6.42
Rwp (%) 5.76 6.70 7.83 8.50 9.59
GOF 1.19 1.58 2.14 2.09 2.23
Site occupancy
Ni 1 0.930 0.880 0.830 0.780
O 1 1 1 1 1
Cr 0.020 0.020 0.020 0.020
K 0.050 0.100 0.150 0.200

Figure 3. Fractured surface morphologies and the corresponding grain 
size distributions for the KxCr0.02Ni0.98-xO samples with (a) x = 0.05, 
(b) x = 0.10, (c) x = 0.15 and (d) x = 0.20.
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Figure 4. EDX element mapping images of the samples with (a) x = 0.05 and (b) x = 0.15.
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phases in the XRD results. The bulk densities of pure NiO 
and KxCryNi1-x-yO samples with x values of 0.05, 0.10, 0.15, 
and 0.20 are determined by Archimedes’ method as 4.61, 
4.63, 3.58, 3.54 and 3.30 g/cm3, respectively. It is found that 
the bulk density of the sample with an x value of 0.05 is 
quite close to that of pure NiO and then it decreases rapidly 
when the K concentration is increased from x = 0.05 to 0.10. 
However, the bulk density decreases gradually when the K 
concentration is further increased to x = 0.20. This result 
is probably explained by the presence of secondary phases 
in the samples with x values greater than 0.10 (as found 
in XRD results), leading to inhibition of densification44,45.

The UV-visible absorption spectra of pure NiO and doped 
NiO samples are shown in Figure 5a. The absorption edge of 
pure NiO is 366 nm (3.43 eV), which is in agreement with a 
previous report46. The absorption edges of doped NiO shift 
to a longer wavelength, which may be due to the formation 
a narrow band by doping. The optical band gap (Eg) can be 
estimated from a Tauc plot47 by plotting (αhν)2 as a function 
of photon energy (hν), as shown in Figure 5b. The optical 
band energy values for x = 0.05, 0.10, 0.15 and 0.20 are 

3.45, 3.26, 3.23 and 3.21 eV, respectively. The reduction 
in the optical band gap is probably due to the creation of 
lattice defects such as oxygen vacancies by K doping in 
NiO. When some of the K+ is substituted for Ni2+ ions, Ni3+ 
is created as a result of local charge compensation. This 
leads to formation of oxygen vacancies in the NiO lattice. 
These oxygen vacancies are probably responsible for the 
decrease of the optical band gap, which is consistent with 
the literature41,47.

The frequency dependence of the dielectric constant (εr) 
and loss tangent (tanδ) at room temperature of the samples 
with various K concentrations is determined using applied 
frequencies ranging from 100 Hz to 1 MHz, as displayed in 
Figure 6. It is found that dielectric constants of the samples 
with x = 0.05-0.10 are lower with rather weak frequency 
dependencies. However, those samples with x values 
greater than 0.15 have very high frequency dependencies 
at low frequencies and then they decrease steadily as the 
frequency is increased, due to space charge polarization 
at low frequencies. These samples exhibit high dielectric 
constants of about 103-104 over a wide frequency range of 

Figure 5. (a) Absorption spectra and (b) optical band gap spectra of pure NiO and samples with various K concentrations.

Figure 6. Frequency dependence of (a) dielectric constant and (b) loss tangent of the samples with various K contents.
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102-104 Hz, which are 102 times higher than that of NiO 
(εr ~30, at 1 kHz)13,16. The dielectric constants tend to increase 
with K concentrations up to 0.15 mole, which is related to 
the larger grain sizes. An increase in grain size leads to a 
greater volume of polarization resulting in a higher dielectric 
constant, consistent with the published literature7,27,28,30. The 
substitution of a monovalent cation that occurs in K+ doping 
may generate defect ions and normal oxygen vacancies in the 
NiO lattice, increasing the electrical conductivity of NiO32,48. 
Thus NiO is semiconducting. The effect of K doping on the 
dielectric properties in the samples is a key factor because 
the dopant concentration of Cr is fixed. In addition to the 
various ion valences, some defects can be introduced by 
Kröger-Ving notation as follows49:

NiO
' x

2 Ni o oK O 2K +V +O⋅⋅→  	 (1)

Defect dipoles are generated by the oxygen vacancy 
migration. This is related to the UV-visible optical study. 
Moreover, with the incorporation of K+ into Ni2+ ion sites, 
one neighbouring Ni2+ ion transforms into Ni3+ due to adjust 
for charge neutrality48,49. Ni2+ ↔ Ni3+ transformation leads to 
electron migration that produces electrical conductivity in 
the grains. Thus, the defect dipoles ( '

o NiV -2K⋅⋅ ) and a mixed 
valence state of Ni2+ and Ni3+ would increase electrical 
conductivity of the KxCr0.02Ni0.98-xO system. With increasing 
K content, the defect-dipole polarization by oV⋅⋅  vacancies 
increases causing an increase of the total of polarization 
and more accumulation of charges via conduction in the 
grain interiors, and hence a larger dielectric constant. At a 
K content of 0.20 mole, the grain size decreases indicating 
lower polarization in the grain and a lower dielectric 
constant3,45. The loss tangent values are nearly constant 
over the measured frequencies for the samples with K 
concentrations of 0.15 and 0.20 mole, while those of the 
samples with K concentrations below 0.15 mole depend on 
the applied frequency. The frequency dependence of tanδ 
for the samples with K contents of 0.05 and 0.20 shows 
a tanδ peak, corresponding to a characteristic relaxation 
process, which is similar to that of LixTiyNi1-x-yO

9 and 
KxTiyNi1-x-yO

30. The relaxation in the frequency of 103-106 
Hz results from interfacial polarization as a Debye-type 
relaxation. The values of εr and tanδ at 1013 Hz and room 
temperature for these samples are summarized in Table 2. 
Among these samples, the one with x = 0.15 provides the 
best dielectric properties. Its tanδ value is rather independent 
of the measured frequency. The highest εr (2.25 × 104, at 
1013 Hz and room temperature) is found for the sample 
with x = 0.15, which is close to that of (A, B)-doped NiO 
systems (where A = Li and B = Ti9,13,18,19, Cr20, V22, Fe24 
and Si10), calcium copper titanate perovskite materials4 
and slightly higher than that of (Li, Al)-doped NiO14, 
(Li, Sn)-doped NiO5, (K, Ti) doped NiO31, (Na, Si)-doped 
NiO6 and perovskite oxide materials50. Its tanδ value is 
close to that of other NiO-based ceramics such as (Li, Al) 
doped NiO prepared via a simple thermal decomposition 
route14, and (Li, Si)-doped NiO prepared using a chemical 
precipitation method10. However, this value is lower than 
that of (Li, Cr)-doped NiO20, (Li, Cu)-doped NiO26 and 
(K, Ti)-doped NiO28.

4. Conclusions
K and Cr co-doped NiO materials were successfully 

prepared using an ultrasonic-assisted sol-gel method. The 
samples with various K contents have a main phase consisting 
of a cubic NiO structure with nanoscale crystallite sizes. 
Secondary phases are also observed in the samples with 
K concentrations of 0.10-0.20 mole. The samples with K 
concentrations of 0.05-0.10 mole have spherical grains 
while the other samples exhibit irregularly shaped grains. 
Moreover, the grain size increases with K concentrations 
up to 0.15 mole, probably due to incorporation of K ions 
into the NiO lattice, leading to an enhanced grain size. 
When K concentrations are increased to level above 0.15 
mole, a decreased grain size is obtained, possibly because 
of inhibition of grain growth by the secondary phases. The 
dielectric constants of the samples increase with K doping 
at levels up to 0.15 mole. This is related to their enhanced 
grain sizes and partial association with the defect dipoles 
arising from the accumulation of charges via conduction 
in the grain interior. The K0.15Cr0.02Ni0.83O sample has the 
best dielectric constant (2.25 × 104 at 1013 Hz and room 
temperature). Moreover, its loss tangent exhibits rather weak 
frequency dependence.
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